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Abstract
Voltage stability is the ability of a power system to maintain acceptable voltages at all
buses under normal and abnormal operating conditions. The scarcity of reactive power
or reactive power imbalance is the main reason of voltage instabilities. The energy
supply of Germany will be dominated by renewable energy sources (RES) within energy
transition actions leading to a decrease in conventional power plants especially in the
transmission grid. Since the conventional power plants are still main reactive power
sources, key challenge in the future will be the provision of system services such as
control of reactive power to maintain voltage stability in the transmission networks.
A wide range of technology that is able to provide the required dynamic reactive power
compensation is already available. However, in order to find the most effective im-
plementation, it is necessary to investigate and compare these different technologies
for a voltage stable grid operation. The main challenge regarding comparative studies
that incorporate reactive power compensation devices is the development and the
implementation of reliable comparison strategies.
This thesis analyses the impact of reactive power on the voltage stability phenomena
both in long-term and short-term time frames under various grid situations. Voltage
stability margins in the long-term time frame are quantified by gradually increasing the
reactive power injection into certain buses until the voltage collapses. Voltage stability
in the short-term time frame is assessed by applying grid faults and simulating the
time-domain grid response. A transient voltage severity ratio (TVSR) is developed in this
thesis as the main comparison metric to evaluate and compare the performance of
investigated compensation devices. Additionally, TVSR and other developed comparison
metrics in this thesis are used to determine the optimal settings of the controller pa-
rameters of compensation devices. As a result, the submitted thesis shows a practical
and reliable approach to analyze the performance of different compensation devices
under different grid situations.
Keywords: Reactive Power, Voltage Stability, Reactive Power Compensation Devices,
Reactive Power Margins, Transient Events.
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1. Introduction
Voltage stability is the ability of a power system to maintain acceptable voltages at
all buses under normal and abnormal operating conditions [6, 7]. The main source
of voltage instabilities are scarsity of reactive power or reactive power imbalance [8,
9]. Other factors contributing to voltage stability are generator reactive power limits,
characteristics of the loads, characteristics of the reactive power compensation devices
and the actions of the control devices [10, 11].
Within the currently ongoing energy transition actions (e.g. German Energy Transition
Plan, GETP), a considerable amount of conventional power plants is decreasing and
the decommissioning of all nuclear power plants in the transmission grid is planned.
Meanwhile, the amount of renewable based decentralized generation DG (mostly decen-
tralized wind farms, WF) is increasing drastically. These changes causing a generation
shift from transmission to sub-transmission grids arise the questions regarding new
installations on the side of power generation and transmission [12].
Conventional power plants are still main reactive power sources for both transmission
and sub-transmission grids. The changes coming with ongoing GETP therefore indicate
a risk of growing reactive power scarcity and an increase in voltage stability problems
while the main suppliers of reactive power disappear.
DG units such as WFs in sub-transmission grids are able to absorb or supply reactive
power within acceptable voltage limitations if they are operated properly [1, 2, 4, 13].
However, the reactive power requirements of transmission grids cannot be provided
from WFs in sub-transmission grids. In addition to voltage stability problems, the trans-
fer of reactive power over long distances results in high grid losses.
Transmission system operators (TSO) have to face an increasing amount of the fluctu-
ating generation capacity, deregulation and liberalization of the electricity markets in
addition to increasing power demand and arising environmental awareness within GETP.
The major challenges ahead are found in the planning and operation of transmission
grids in an efficient and a stable manner. This doesn’t only require the extension of
the transmission capacity, but also a strategy of handling the additional flexibility while
1
preserving the system security and reliability. In order to ensure voltage stable transmis-
sion grids, more flexible installations and systematic reactive power control strategies
are required.
The reactive power problems are local by their nature [8, 10] and reactive power require-
ments of transmission grids should be provided by locally connected compensators. The
voltage stability through reactive power is commonly investigated based on two main
time frames: the long-term (static regime) and the short-term (dynamic regime). The
long-term analysis focuses on voltage stability through well-known power flow based
methods. On contrary, the short-term voltage stability involves the complex dynamics
of loads [14, 15] and the components of reactive power compensation devices [7, 16].
In order to identify the proximity of a power system to the voltage instability point in the
static regime, commonly used approaches include P-V analysis, Q-V analysis, calculating
the diagonal elements of the Jacobian derived sensitivity matrix and modal analysis [6,
17–20]. These approaches are also used to determine the location of the reactive power
compensation devices, namely the critical bus.
The optimal sizing and locating of reactive power compensation technologies is already
a well-investigated and –documented area especially in the static regime [21–23]. Some
studies [24–27] benefit from indices based on P-V and Q-V analyses (fast voltage stability
index, simplified voltage stability index, line stability index, etc.) to find the weakest bus
in a power system. Optimization techniques can also be utilized to locate reactive power
sources [28, 29]. Yet, there are only a few comparative studies that incorporate reactive
power compensation devices in a dynamic framework [5, 16, 21, 30, 31].
Studies showing the impact of high DG penetration (WF) into distribution grids in terms
of static voltage stability are limited but some can be found in [32–34]. However, the
effects of high penetration of DG as a result of energy transition actions are not men-
tioned in these studies except in [34] where conventional generators are replaced with
WFs only at the same voltage level, namely the transmission level. In this study, the
generation shift from the transmission to the sub-transmission grid is not considered.
There are remarkable innovations in the field of reactive power compensation devices
and their implementation into power systems [9, 35, 36]. With the knowledge of future
requirements (e.g. energy transition actions) and available solutions regarding reactive
power regulation, the transmission system should be planned and operated in a safe
and economic way.
Motivation
As shown above, there is an inevitable and urgent need for a systematic reactive power
control approach in the transmission system in order to face current and future chal-
lenges. A wide range of potential technologies capable of providing such dynamic
reactive power compensation is readily available. However, it is necessary to investigate
and compare these different technologies for the successful implementation. Thence, a
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stable grid operation in terms of voltage stability in the long- and the short-term time
frames can be ensured.
The challenge regarding comparative studies that incorporate reactive power com-
pensation devices is the development and the implementation of reliable comparison
strategies. Therefore, it is important to identify potential grid situations having a high
stress or a higher grid disturbance severity for the decision of the suitable reactive
power compensation devices with right controller parameters.
Within the scope of the presented thesis, some important research questions arise
regarding reactive power control and voltage stability phenomena:
1. What are the indicators showing the proximity of the grid to the voltage instability
in the long-term and the short-term time frames?
2. What is a reliable way to measure the performance of available reactive power
compensation devices? Are there commonly used or valid parameters (metrics)
that can be utilized for the comparison of these compensation devices?
3. Is it possible to improve the performance of the utilized compensation devices
and how?
4. Is there any way to determine the severity of the grid disturbances such that
preventive actions can be taken into consideration?
5. How do capacity and location of the chosen reactive power compensation devices
influence the voltage stability in the long- and the short-term time frames?
6. How does ongoing energy transition actions within GETP affect the voltage stability
phenomena in general?
7. Can the wide range of available compensation technologies be effectively em-
ployed to ensure the voltage stability in general?
Organization of the Thesis
This thesis aims to highlight the importance of reactive power control and voltage stabil-
ity considering various grid conditions. In this scope, this thesis presents a systematic
and comprehensive assessment of different reactive power compensation technologies
especially used in the transmission system under identified grid situations. The chapters
in this thesis consist of advanced methods and applications in power systems. The
organization of the thesis is as formulated below:
Chapter 1 gives an introduction on the similar studies in addition to research gaps
regarding the presented subject in this thesis.
Chapter 2 mainly describes the fundamentals of reactive power. The importance of
shunt and series compensation is emphasized in this chapter. The basic principles of
power system operation depending on the direction of load (power) flow are given. The
3
relation between voltage stability and reactive power is outlined.
Chapter 3 provides substantial information about reactive power compensators with
their advanced industrial applications. This chapter talks about the control background
of the reactive power compensators in the group of flexible AC transmission systems
(FACTS) as well as conventional compensators. The chapter gives the mathematical
framework needed for analyzing and designing compensators for reactive power com-
pensation.
Chapter 4 gives required background and steps to implement the investigated reactive
power compensation devices on the DIgSILENT PowerFactory environment.
Chapter 5 is related to voltage stability in the long-term time frame: static voltage
stability analysis. Power flow based approaches are investigated such as Q-V and P-V
analyses in addition to modal analysis and sensitivity matrix. This chapter quantifies
the value of reactive power margins considering the cases with(out) energy transition
actions. The impact of different static load types, wind power generation (WPG) and line
contingencies on static voltage stability are investigated.
Chapter 6 focuses on voltage stability in the short-term time frame: transient voltage
stability. The simulations are firstly carried out within proposed transient events in
case of different compensation devices. The performance of the utilized compensators
is calculated by the comparison metrics which are introduced here. The impact of
different loads composed of static and dynamic parts on the transient voltage stability
is investigated. A location assessment in addition to an impact assessment of energy
transition actions on transient voltage stability within given grid codes is also carried
out in this chapter.
Chapter 7 discusses, first of all, the results out of the carried out simulations and gives
the most important outcomes of this thesis. Finally, a comprehensive outlook is given
to the reader with regard to future work.
4
2. Fundamentals
This chapter includes the definitions and fundamentals of reactive power compensation
with the essential operation principles of power systems with regard to their reactive
power behavior. The basics of power flow solutions in power systems are also briefly
explained in this chapter.
2.1. Direction of Power Flow
The relation among active power P, reactive power Q and voltage with respect to the
signs of P and Q are important when the power flow in a power system is considered.
The question involves the direction of the power flow, that is, whether power is being
generated or absorbed when voltage and current are specified [37].
If the phasor expressions for voltage U and current I are known, the calculation of P and
Q is accomplished conveniently in complex form. If the voltage across and current into
a certain load are expressed by U = U∠ϕu and I = I∠ϕi, the complex power S is given in
Eq. 2.1 [37, 38].
S = U I
∗
= U I cos(ϕu − ϕi) + jU I sin(ϕu − ϕi) (2.1)
The numerical values of the real and imaginary parts of the product of S = U I
∗
deter-
mine P and Q absorbed or supplied by the enclosed circuit or network. When I lags
U by a reference phase angle ϕ between 0° and 90°, P = U I cosϕ and Q = U I sinϕ
are both positive because the value of ϕ = (ϕu − ϕi) is positive. It indicates that active
and reactive powers are being absorbed by the inductive circuit. When I leads U by an
angle ϕ between 0° and 90°, P is still positive but ϕ and Q = U I sinϕ are both negative
(ϕ = ϕu − ϕi is negative) , indicating that active power is being absorbed and reactive
power is being supplied by the capacitive circuit (see Fig. 2.1) [37].
As it is mentioned before, both active and reactive powers can be absorbed or generated.
Fig. 2.2 displays the operational principles of reactive power in a more comprehensive
power diagram based on consumer reference arrow system. Since overexcited operation
corresponds to the supply of reactive power, underexcited operation corresponds to
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the absorption of reactive power. The terminology of generating and absorbing reactive
power will be used throughout the thesis based on consumer reference arrow system.
P>0, circuit absorbs active power
P<0, circuit supplies active power
Q>0, circuit absorbs reactive power (I  lags U )
Q<0, circuit supplies reactive power (I  leads U )
AC 
Equivalent 
Circuit 
or 
Circuit 
Element
𝑆 = 𝑃 + j𝑄 
𝑈 
𝐼 
Figure 2.1.: Direction of Active and Reactive Power Flow [37].
2.2. Generation and Absorption of Reactive Power
The operational equipment that generates or absorbs reactive power is listed as below
[20]:
• Synchronous generators can generate or absorb reactive power depending on
the excitation. When overexcited they supply reactive power, and when underex-
cited they absorb reactive power.
• Overhead lines (OHL), depending on the load current, either absorb or supply
reactive power. At loads below the natural (surge impedance) load Pnat, the lines
produce net reactive power. The reactive power characteristics of OHL are given
in Appendix A.
• Underground cables, due to their high capacitance, have high natural loads.
They are always loaded below Pnat, and hence generate reactive power under all
operating conditions.
• Transformers always absorb reactive power regardless of their loading; at no
load, the shunt magnetizing reactance effects predominate; and at full load, the
series leakage inductance effects predominate.
• Loads normally absorb reactive power. A typical load bus supplied by a power
system is composed of a large number of devices. The composition changes
depending on the day, season, and weather conditions. The composite charac-
teristics are normally such that a load bus absorbs reactive power. Both active
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power and reactive power of the composite loads vary as a function of voltage
magnitudes.
• Compensation devices are usually added to supply or absorb reactive power and
thereby control the reactive power balance in a desired manner. The commonly
used compensation devices , their applications, characteristics and their operation
principles are discussed in chapter 3.
- Underexcited operation 
- Reactive power absorption
- Acts like an inductor
Generator Inductive Load
- Overexcited operation 
- Reactive power supply
- Acts like a capacitor
Generator Capacitive Load
 
Figure 2.2.: Power Diagram in the Consumer Reference Arrow System [39].
2.3. Reactive Power Compensation
The voltage difference between two terminals of a transmission line is also caused by
the reactive components of the line current. The voltages can be kept close to the rated
values by minimizing the reactive power flows in the power systems. On a compensated
line, there is more transmission capacity available for active power to flow. This leads to
the enhancement of the system stability by having larger security margins available. Ad-
ditionally, smaller reactive currents reduce the transmission losses of the transmission
line [20].
There are two reactive power compensation principles including shunt (parallel) com-
pensation and series compensation as explained in the following sections.
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2.3.1. Shunt Compensation
The compensation elements such as reactors and capacitors are connected in parallel
in this type of compensation.
Shunt capacitors are used for lagging power factor circuits created by heavy loads. This
effect is to supply the required reactive power to maintain the receiving end voltage U
R
at a satisfactory level. The capacitors are connected either directly to a bus or tertiary
winding of a main transformer. They also help to minimize transmission losses and
voltage drops. Since Fig. 2.3 shows the equivalent circuit of transmission line with
a shunt capacitor Cp for ohmic-inductive load (ZR = RLoad + jXLoad), Fig. 2.4 shows the
corresponding phasor diagram. In Fig. 2.3, R, XL and C represent total line resistance,
reactance and capacitance. While Z
R
and I
R
are the load impedance and the current at
the receiving end, U
S
and I
S
are voltage and current at the sending end, separately.
The phasor diagram in Fig. 2.4 clearly shows the difference between the cases with and
without shunt compensator. The effect of line capacitance is not explicitly visualized
in order to simplify the figure. It can be observed that the voltage drop ∆U is reduced
while phase shift angle ϑ slightly increases. Note that the reactive power compensation
is independent from the load Z
R
. In case the load decrease leads to a drastic decrease in
I
R
, the capacitor might over-compensate the system and cause over voltages in power
systems. A simple solution to this problem is to switch-off the capacitor via circuit
breaker. It is plausible to use multiple capacitors in parallel in order to gain further
compensation accuracy and save expenses for high-rated capacitors.
RI I (without compensation)
R
RIISI
SU RU
U
2
C
2
C
RZ
Transmission Line Shunt Comp. Load
j𝑋𝐿 
𝐼 𝐶p  
𝐶p  
Figure 2.3.: Equivalent Circuit of a Transmission Line with Shunt Capacitor [40].
Another example of the use of shunt compensators on a high voltage transmission line
with low or without loads for the line operated under Pnat. The capacitive current ICp in
Fig. 2.4 dominates over I
R
. Therefore, the line is generating reactive power which needs
to be compensated. Otherwise, the voltage at receiving end could be higher than the
voltage at sending end, so-called Ferranti Effect.
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A shunt reactor (Lp) can be used to absorb the excessive reactive power by decreasing
the voltage. The relevant circuit and phasor diagram are depicted in Fig. 2.5 and Fig. 2.6,
respectively.
Im
ReI
RI
i) with compensation
ii) without compensation
U
U
𝜗 𝜗 
𝜑 
j𝐼𝑋𝐿 
j𝐼𝑋𝐿 
𝑈 R  
𝑈 S 
𝐼 𝐶p  
𝐼 R𝑅 
𝐼𝑅 
𝑈 S 
Figure 2.4.: Phasor Diagram of a Transmission Line with Shunt Capacitor [40].
If the inductors are connected at various points along the line, where the total inductive
and shunt susceptances are B
L
and B
C
, the charging current I
chg
(it is I
S
according to
Fig. 2.5) becomes:
I
chg
= (B
C
− B
L
)U = B
C
U
(
1− BL
B
C
)
(2.2)
The charging current is adjusted by the term of shunt compensation factor, which is
B
L
/B
C
in Eq. 2.2. The reduction of shunt susceptance to the value of (B
C
− B
L
) can limit
the rise of the no-load voltage at the receiving end of the line if shunt inductors are
introduced as the load is removed.
R RIISI
SU RU
U
2
C
2
C
Transmission Line Shunt 
Comp.
No Load
j𝑋𝐿 
𝐿p  
𝐼 𝐿p
2
 
𝐼 𝐶
2
 
𝐼 𝐶
2
 
𝐼 𝐿p
2
 
𝐿p  
Shunt 
Comp.
Figure 2.5.: Equivalent Circuit of a Transmission Line with a Parallel Inductor for No-Load.
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Im
Re
i) with compensation, no load
ii) without compensation, no load
j𝐼𝑋𝐿 
j𝐼𝑋L  𝜗 𝜗 
𝑈 R  
𝑈 S 
𝑈 S 
𝐼
=
𝐼  𝐶 2
+
𝐼  𝐿
p 2
 
𝐼 𝐶
2
= 𝐼 
𝐼  𝐿
p 2
 
𝐼𝑅 
𝐼𝑅 
Figure 2.6.: Circuit Diagram of a Transmission Line with a Parallel Inductor for No-Load.
2.3.2. Series Compensation
Series capacitors are sometimes used on long lines to increase line loadability [38].
Capacitor banks are installed in series with each phase conductor at selected points
along a line. Their effect is to reduce the net series impedance of the line, thereby
reducing voltage drops along the line and increasing the static voltage stability limit [20].
Series compensators have several valuable benefits to the system:
i) Improved voltage stability
ii) Reduced voltage drop
iii) Enhanced power transmission capability
iv) Optimized power sharing between parallel corridors
R ISI I
U
j𝑋𝐿 -j𝑋𝐶s  
𝑍R  
Transmission Line Series Comp. Load
𝐶s  
𝑈 S 𝑈 R  
Figure 2.7.: Equivalent Circuit of a Transmission Line with Series Compensation for Resistive-Inductive
Load [41].
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Im
Re
i) with compensation
ii) without compensation
I
Re

U
Im
j𝐼𝑋𝐿 
j𝐼𝑋𝐶s  
𝜗 
j𝐼𝑋𝐿 
∆𝑈S  
𝜑R  𝜑S  
I 𝜑R  𝜑S  
𝑈 R  
𝑈 S 
𝑈 R  
𝑈 S 
𝐼𝑅 
𝐼𝑅 
Figure 2.8.: Phasor Diagram of a Transmission Line with and without Series Compensation for Resistive-
Inductive Load [41].
The compensation coefficient in series compensation is defined as the ratio between the
reactance of the compensator and total line reactance [41] (see Eq. 2.3). The current and
power flow change drastically with the changes in the voltage angles at both terminals
with a zero reactance of line. The transmission lines are usually compensated up to 75%
of their reactances in order to avoid series resonance problems [38, 42].
k =
XCs
XL
< 75% (2.3)
k is the compensation coefficient where XCs is the reactance of the compensator and XL
is the total line reactance. The highest transmittable power is reached while XL − XCs is
becoming minimal.
Since Fig. 2.7 shows the equivalent circuit of series compensated transmission line,
Fig. 2.8 gives the phasor diagram for resistive-inductive load with and without series
compensation.
The large amount of power can be transferred efficiently and within permissible voltage
limits by applying both series and shunt compensation. The impact of compensation on
voltage stability via various compensation devices will be analyzed in detail in the latter
chapters.
11
2.4. Reactive Power and Voltage Stability
The voltage stability problem is one of the major concerns in highly developed net-
works resulting in several network collapses. The voltage stability is concerned with
the ability of a power system to maintain required voltages within a certain range at all
buses in the system under normal conditions after being subjected to a disturbance.
A system enters a state of voltage instability in case of a disturbance, increase in load
demand or change in system condition. They cause a progressive and uncontrollable
decline in the system voltages. The main factor causing instability is the inability of
power systems to meet the demand for reactive power. Therefore, the compensation
through appropriate compensators is crucial to prevent voltage instability problems [20].
Voltage stability problems occur in stressed systems (heavily or low loaded systems)
due to [20]:
• Strength of the transmission network and power transfer levels
• Generator reactive power/voltage control limits
• Voltage dependent load characteristics
• Characteristics of reactive power compensation devices
• Action of voltage control devices
• Transformer under-load tap changers (ULTCs).
The focus of this thesis regarding voltage stability can be divided into i) short-term
and ii) long-term time frames. The areas regarding voltage stability are highlighted in
Fig. 2.9 [43]. Since the short-term time frame analyses include time-domain calculations
(transients in this thesis), the long-term time frame includes static analyses.
The power system has to be handled in a way to ensure reliable and stable operation by
the system operators. In order to assure voltage stability either in a static or dynamic
time frame, well-sized and -located reactive power compensators should be utilized.
In this thesis, the widely used compensation technologies especially in transmission
grids are investigated in chapter 3. In the same chapter, the details regarding their
operation, control and implementation are given. Furthermore, a brief comparison is
carried out based on the literature to be compared to the findings within the thesis.
Furthermore, the investigation of voltage stability in the long- and short-term time
frames on the selected power systems under various grid conditions and reactive power
compensation devices are given in chapter 5 and chapter 6, respectively.
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Power System 
Stability
Rotor Angle 
Stability
Frequency 
Stability
Voltage Stability
Small Disturbance 
Stability
Transient Stability
Short-term Long-term
Short-term
Large Disturbance 
Voltage Stability
Small Disturbance 
Voltage Stability
Short-term Long-term
Figure 2.9.: Classification of Power System Stability [44].
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3. Reactive Power CompensationTechnologies and Their Applications
This chapter of the thesis introduces a selection of different compensation devices
that provide reactive power control. The general concepts, configurations and control
schemes of these compensation technologies will be explained in detail.
The electrical loads and the electrical power transmission system itself (reactive power
demand of OHLs, cables and transformers) require reactive power that varies contin-
uously while affecting voltage in transmission network. In order to avoid high voltage
fluctuations, this reactive power must be compensated and kept in balance [45]. The
general concept of reactive power compensation was explained using passive elements
such as reactors or capacitors in the chapter 2, namely "Fundamentals".
A large part of power systems are currently controlled mechanically through switching
devices. These mechanical devices don’t provide very high speed control. Additionally,
control cannot be initiated frequently with mechanical devices because they wear out
very quickly compared to static devices. Therefore, the compensators having mechani-
cally switched components have been replaced by fast reacting, power electronics based
compensation technologies. These technologies are summarized in Table 3.1
1
The available compensation technology in the literature can mainly be divided into two
groups: as a function of Flexible AC Transmission Systems (FACTS) and conventional
compensators. IEEE defines FACTS as incorporating power electronic-based and static
controllers to enhance controllability and power transfer capability [46]. Conventional
compensators can be defined as reactive power controllers that do not use power
electronics. They are either based on rotating machines such as synchronous condenser
(SC) or switchable reactors and capacitors.
1
In FACTS group, since SVC, STATCOM, SSSC, UPFC and IPFC are able to generate and absorb reactive
power, TSSC and TCSC can only generate reactive power. Additionally, SC as a conventional compen-
sator, is able to generate and absorb reactive power. Since MSC and series capacitor only generate
reactive power, MSR and series reactor only absorb reactive power.
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Table 3.1.: Selection of the Compensation Technology for Reactive Power Control.Flexible AC Transmission Systems Conventional
Shunt Series Combined Shunt Series
Static Var
Compensator
(SVC)
Static Synchronous
Series Compensator
(SSSC)
Unified Power
Flow Controller
(UPFC)
Synchronous
Condenser
(SC)
Static Synchronous
Condenser
(STATCOM)
Thyristor Switched
Series Capacitor
(TSSC)
Interline Power
Flow Controller
(IPFC)
Mechanically
Switched
Capacitor
(MSC)
Capacitor
Thyristor Controlled
Series Capacitor
(TCSC)
Mechanically
Switched
Reactor
(MSR)
Reactor
3.1. Power Electronics Devices and Converters
The power electronics devices are fundamental for FACTS. There are many power
electronics devices in application. The main power electronics devices are presented
below:
Table 3.2.: The Power Electronics Devices that are Fundamental for FACTS.
Thyristors Transistors
Silicon Controlled Rectifier (SCR)
or Conventional Thyristor
Insulated Gate Bipolar Transistor
(IGBT)
Gate Turn-Off Thyristor (GTO)
Important aspects of switching devices are their voltage and current rating (power
switching capability). Multiple switches are usually connected in series to maintain
reasonable voltage ratings for compensators. Multiple switch-arrangements can be
installed in parallel for the high-powered devices.
3.1.1. Thyristors
The thyristor is one of the fundamental components of FACTS devices. SCR has turn-on
but no turn-off capability. With the emergence of the devices with both turn-on and
turn-off capability (e.g. GTO), the devices having only turn-on capability are referred as
"conventional thyristors" or just "thyristors". GTO has high switching and conduction
losses compared to the conventional thyristor. However, the GTO has lower applicable
power ratings than the conventional thyristor.
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Because of their low cost, high efficiency, and high voltage and current capability,
conventional thyristors are extensively used when circuit configuration and cost-effective
applications do not call for a turn-off capability [47].
3.1.2. Transistors
Transistors are used in low-, medium- and high- power applications. One type of transis-
tor known as the IGBT, has progressed to become a choice in a wide range of low and
medium power applications. They are also characterized by very good turn-on and -off
behavior with short switching times.
The advantage of the IGBT is its fast turn-on and turn-off aspect. It can be therefore
used in PWM converters operating at high frequency. To achieve necessary power
ratings, multiple IGBT can be used in parallel. IGBTs combine general advantages
of transistors (fast conducting and blocking, compact gate-drives) with the favorable
aspects of conventional thyristors (high voltage ratings). Major drawbacks of the IGBT
technology are difficult cooling requirements and the extensive production [47].
3.2. Converters
There are two basic categories of self-commutating converters as below [47]:
1. Current-sourced converters (CSC), in which direct current always has one polarity,
and the power reversal takes place through reversal of DC voltage polarity.
2. Voltage-sourced converters (VSC), in which the DC-voltage always has one polarity,
and the power reversal takes place through reversal of DC-current polarity.
For reasons of economics and performance, VSCs are often preferred over CSC for
FACTS applications [47]. Therefore, in this chapter, VSC which forms the basis of several
FACTS, will be discussed.
3.2.1. Voltage-Source Converter
Some FACTS controller concepts are based on voltage source converter (VSC) that is the
building block of STATCOM, SSSC, UPFC, IPFC, and some other controllers [47]. The VSC
is similar to the rectifier or inverter that provides a link between AC and DC networks.
These converters are made up by power electronics having turn-off capability such as
the GTO or IGBT.
The main advantage of compensators based on VSC are the significant reduction in size
and costs. In principal, this is contributed by smaller capacitor ratings and fewer passive
components [48]. There are several converter configurations and control mechanisms
available in the literature. The most common types are the converters with a two- or
multi-level.
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Two-Level Converter
The two-level converter can switch the hypothetical DC-capacitor midpoint, with peak
voltages of +
UDC
2
and −UDC
2
. In Fig. 3.1, a three-phase two-level converter is depicted.
The AC output voltage of VSC can be controlled by varying the width of the voltage
pulses, and/or the amplitude of the DC bus voltage. A sinusoidal reference signal is
compared with a high frequency saw tooth carrier signal. The switching signals for the
converters are generated by comparing both voltage wave forms.
𝐴 
𝐵 
𝐶 
+
𝑈DC
2
 
−
𝑈DC
2
 
𝑈DC
2
 
𝑈DC
2
 
Figure 3.1.: Six-Pulse Two-Level Converter [49].
Multi-Pulse Converter
In the arrangements of Fig. 3.1, the multiple six-pulse converters, involving a total of
six phase-legs are connected in parallel on the same DC bus, and work together as a
12-pulse, 24-pulse or 48-pulse converters. There is a need to have appropriate sequence
and system interface through transformers in order to achieve the desired converter
performance. After applying a phase shift in the secondary winding of the transformer,
certain harmonics can be eliminated.
For more details on the mechanisms and configurations of multi-pulse converters, one
can refer to [50].
Multi-Level Converter
An advancement to the standard two-level converter is multi-level converter. Different
arrangements of the converters can be realized to have several voltage levels, especially
for very high voltage converters. While a two-level converter has only one thyristor
switch per-arm, multi-level converters split up the voltages over multiple switches. The
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common and most interesting arrangement is the neutral-point clamped converter
(NPC). Using the NPC, the output voltage can also take on the neutral point voltage. This
consequently reduces the harmonics in the output voltage [49].
A modular multilevel converter (MMC), stands out from other multilevel topologies
because of its ability to easily accommodating any number of levels. MMC suggests
that it is built from multiple modules each representing a converter half-bridge. The
half-bridge is a single-phase inverter incorporating a DC capacity. This structure allows
further improvements such as low-order harmonics and lower losses in accordance to
the lower switching frequency [51].
3.3. Shunt Connected Static Compensators
The shunt connected compensators are important for controlling the voltage at the point
of connection (PCC). Two main static var controllers will be presented in this section: i)
SVC and ii) STATCOM. The term of "static" here refers to the mechanical configuration in
terms of not rotating systems. Both SVC and STATCOM are able to control their reactive
power outputs [49]
2
.
3.3.1. Static Var Compensators
The IEEE defines a static generator or absorber as follows [46]:
"A static electrical device, equipment, or system that is capable of drawing controlled ca-
pacitive and/or inductive current from an electrical power system and thereby generating
or absorbing reactive power. Generally considered to consist of shunt- connected, thyristor
controlled reactor(s) and/or thyristor-switched capacitors."
Considering the definition above, a SVC is a static var generator/absorber that is con-
trolled in a way to maintain specific parameters of the electric power system. A combi-
nation of following var generators or absorbers is often branded by manufacturers as
SVC [49]:
• Thyristor-Switched Capacitor (TSC)
• Thyristor-Controlled Reactor (TCR)
• Thyristor-Switched Reactor (TSR)
• Fixed Capacitor (FC)
Thyristor-Switched Capacitor
A single-phase TSC consisting of a capacitor, anti-parallel thyristor switches and a small
current limiting reactor is depicted in Fig. 3.2(a). The depicted TSC-type compensator is
2
[49] refers to the diploma thesis supervised by the author of the presented PhD thesis.
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the simplified one. TSC consists of multiple capacitors, although the number of parallel
capacitors is limited due to the high costs of thyristors in the applications. This allows
sufficiently fine incremental control of the reactive power supply. Unlike the TCR, the
TSC cannot be controlled continuously. When the thyristor valves are conducting, the
capacitor is switched into the system by conducting the capacitive current iTSC [49] as in
Fig. 3.2(a).
The switching-off event can only take place in the moment of a zero-current crossing
that results in minimum conducting time of half a phase length. The disconnected
capacitor ideally stays charged at this peak value. The capacitor is usually discharged
after disconnection to avoid that the voltage across the thyristor switches usw is equal to
the peak-to-peak voltage [52]. The reconnection has to take place in a moment when
usw = 0 to ensure minimal transient disturbance [50, 53]. These switching conditions
lead to a limited controllability of the TSC.
Every TSC has a current limiting reactor whose purpose is to limit the rate of rise of the
current through the thyristors and to prevent resonance with the network (normally
xL/xC ' 0.06) [48].
The current through the capacitor varies with the applied voltage. This leads to a lower
reactive power compensation when there is a dip in the system voltage. To approximate
continuous current variations, several TSC branches in parallel may be used [53]. Once
all TSCs are switched on and the valves are fully conducting but the voltage is still
decreasing, the output of the compensator also decreases (see Fig. 3.3) [49].
C
L
iTSC(t)
uTSC(t) usw(t)
uC(t)
uL(t)
(a) TSC
L uL(t)
iTCR(t)
uTCR(t) usw(t)
(b) TCR
Figure 3.2.: Single-Phase Representations of (a) TSC and (b) TCR [49, 53]
.
Fig. 3.4 shows the voltage and current characteristics of an example TSC (ncap three-
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phase TSC banks, ncap = 3) when the system conditions change from S1 to S2 as a result
of varying voltage. The operating point changes from A to B which results in a lower
voltage than it is expected. Connecting the second TSC, C1 + C2 restores the system
voltage by changing the conditions at the bus so that operating point C is realized. It
can be deduced that TSC can only control the reactive power in discrete steps and TSC
susceptance at any given instant is sum of conducting TSC [49].
uTSC(t)
TSC on TSC off
t
iTSC(t) uC(t)
usw(t)
Figure 3.3.: Voltage-Current during the TSC Switching Process [47].
𝐼 TSC  
𝑢TSC  
𝑢TSC  
𝐼TSC  
𝑢ref  
Controller
A
B
C
TSC characteristics
System
characteristics
Q1 + Q2 Q1
C1C2C3
S1
S2
C3C2C1
C1 = C2 = C3
Figure 3.4.: Voltage-Current Characteristics for Multiple TSC Banks [47].
Thyristor-Controlled Reactor and Thyristor-Switched Reactor
An elementary single-phase thyristor-controlled reactor (TCR) is shown in Fig. 3.2(b).
The current in the reactor iTCR can be controlled by the method of firing delay angle α
continuously [53]. The controllable range of the TCR α extends from α = 90◦ to α = 180◦.
A firing angle of α = 90◦ results in a continuous sinusoidal current flow in the TCR. In this
case, the maximum reactive current and therefore maximum reactive power is drawn.
As the firing angle is varied from α = 90◦ to α = 180◦, the current flows in the form of
discontinuous pulses symmetrically located in the positive and negative half-cycles, as
displayed in Fig. 3.5. The case of α > 90◦ delays the opening of the valves and therefore
decreases the reactive power absorption [54].
The amplitude iTCR(t) can be derived from Eq. 3.1. The effective value of ITCR is calculated
as in Eq. 3.2 [54].
21
iTCR(t) =
1
L
∫ ωt
α
uTCR(t) dt =
UTCR
ωL
(sinωt − sinα) (3.1)
ITCR(α) =
UTCR
ωL
(1− 2
π
α− 1
π
sin(2α)) (3.2)
Let the value of π is based on conduction angle σ and α by
α = π − σ
2
(3.3)
Eq. 3.3 is substituted in Eq. 3.2, the equation below is acquired where XL = ωL:
ITCR(σ) = UTCR
1
ωL︸︷︷︸
XL
σ − sinσ
π
(3.4)
BTCR as a function of σ is calculated from
ITCR(σ)
UTCR
, that is
BTCR(σ) =
1
XL
σ − sinσ
π
(3.5)
When σ = 2(π − α) converted from Eq. 3.3 is substituted in Eq. 3.4, BTCR as a function of
α is calculated as below:
BTCR(α) =
1
XL
2(π − α) + sin 2α
π
(3.6)
Figure 3.5.: TCR Voltage-Current Depending on α [49, 54].
The TCR acts like a variable susceptance. Variation in the α changes the susceptance
BTCR and, consequently, the fundamental-current component, which leads to a variation
of reactive power absorbed by the reactor because it is assumed that the applied AC
voltage is constant (see Fig. 3.6). For α=90°, the TCR represents a shunt reactor with its
full inductive rating. However, as the α is increased beyond 90°, the current becomes
non-sinusoidal, and harmonics are generated. [54].
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Assuming a constant inductivity and constant system frequency, the reactive current
drawn by the TCR is proportional to the system voltage and dependent on the α of the
thyristors.
Fig. 3.7 shows that by setting α, the voltage uTCR can be adjusted. In this example, to
achieve the desired system voltage uref, α has to be somewhere in between 90° and
130° (intersection of the system characteristics S1 with uref) [20].
 X
L
 B
T
C
R
1
0.4
0.8
0.6
0.2
0
90 100 110 120 130 140 150 160 170 180
Figure 3.6.: TCR Susceptance as a Function of α [54].
130° 150° 180°
uTCR
 = 90°
uref
ITCR
Figure 3.7.: TCR Voltage-Current Characteristic depending on the Thyristor Firing Angle α [20].
A thyristor switched reactor (TSR) has similar equipment to a TCR, but is used only at
fixed angles of 90° and 180° and is not able to continuously control the reactive current.
The conduction angles α =90° (no conduction) and α =180° (full conduction) are only
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possible. Similar to the TSC, several parallel TSRs provide a certain level of controllability.
Losses occur in the thyristors and the reactance. The thyristor losses increase linearly
with the current that is conducted while the reactor losses increase with the square of
the TCR current [47].
Common Static Var Compensator Topologies
The most common thyristor controlled compensators can be found as listed below:
• FC-TCR
• TSC-TCR
The TCR provides continuously controllable reactive power only in the lagging power
factor range. To extend the dynamic controllable range to the leading power factor
domain, a fixed-capacitor bank is connected in shunt with the TCR. In this way, SVC can
be operated within its capacitive and inductive range as in Fig. 3.8(a). The production
and absorption ranges of SVC can be selected according to the system requirements
in order to dimension the ratings of TCR and FC, respectively [54]. Usually the TCR
with its flexible operation mode is dimensioned to fully “compensate” the FC offset and
additionally to provide extra inductive power [49].
QSVC = QFC + QTCR(α) (3.7)
iSVC(t)
iFC(t)
uSVC(t)
iTCR(t,α)
(a) FC-TCR
uSVC(t)
iSVC(t)
iTSCn(t) iTSC1(t) iTCR(t,α)
(b) TSC-TCR
Figure 3.8.: Configurations of FC-TCR and TSC-TCR [47, 49].
In order to provide maximum amount of capacitive reactive output, TCR has to be in
non-conducting mode, α =180° as previously explained. There is no var output at all,
when the capacitive and inductive currents cancel-out each other. A decrease in α
towards 90° leads to an increase in inductive reactive output.
FC-TCR essentially consists of a variable reactor controlled by α and a FC. As it seen from
Fig. 3.9(a), the constant capacitive reactive power generation QFC of FC is opposed by
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variable reactive power absorption QTCR of TCR to get total required reactive power.
The total losses of FC-TCR arrangement increase with increasing TCR current and, conse-
quently, decrease with increasing capacitive var output as shown in Fig. 3.10(a). This
type of loss characteristic is advantageous when the average capacitive var output is
relatively high, as for example, in industrial applications requiring power factor correc-
tion, and it is disadvantageous when the average var output is low, as for example, in
the case of dynamic compensation of power transmission systems. The fixed capacitor,
in practice, is usually substituted, fully or partially, by a filter network not only to provide
the necessary capacitive impedance but also to filter the harmonics. A disadvantage is
that the TCR is constantly switched and conducts [47].
The TSC-TCR consists of multiple TSCs and usually one TCR. It is also able to control the
reactive output over its full rating. Its operating principle is similar to the FC-TCR. Instead
of the constant capacitive var output, multiple TSCs have a step-wise characteristic to
approximate the reactive power demand with a net capacitive reactive power surplus
and relatively small inductive reactive power output of TCR (QTCR) (see Fig. 3.9(b)). The
TCR has to be able to cancel out the surplus for each capacitive step and, if needed,
provide inductive var output. Assuming there are ncap of TSCs with identical ratings, the
required capacitive var range QC is divided into ncap intervals. The TCR is dimensioned to
not only cancel out QC/ncap but also to provide enough overlap for stable operation [47].
QC,demand QL,demand
QFC
QC,out
QL,out
QSVC=QTCR+QFC
QTCR(α)
(a) FC-TCR
QC,demand QL,demand
QL,out
QC,out
QTCR(α)
QSVC=QTCR+QTSC
QTSC
2QTSC
QTSC,max = ncapQTSC
C2
Cn
C1
(b) TSC-TCR
Figure 3.9.: FC-TCR and TSC-TCR Type SVC and their Reactive Power Demand vs. Output Characteristics
[47, 49, 54].
The main advantage of the TSC-TCR compared to the FC-TCR is that there are multiple
operating points with low losses. Minimal losses are achievable when the var output is
"0" (see Fig. 3.10(b)). As the capacitive output is increased, an increasing number of TSC
banks are switched-in with the TCR that absorbs the surplus capacitive reactive power.
Thus, the losses increase by a fixed amount with each switched-in TSC bank. To this
fixed loss, there are added losses of TCR which vary from maximum to "0" between
successive switchings of TSC banks. At or slightly "0" reactive power output, all capacitor
banks are switched-out, the TCR current is "0" or negligibly small, and, consequently,
the losses are "0" or almost "0". It is obvious that the losses vary quite much, but are
roughly proportional to the inductive or capacitive output. This setup is advantageous
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when dynamic compensation without any high average output is required [47].
Another important SVC arrangement is the MSC-TCR. It is similar to the TSC-TCR but
the thyristor valves are replaced by MSCs. Its major advantage is lower costs of circuit
breakers compared to thyristor switch arrangements [47]. On the other hand, me-
chanical switches are the way slower and have a significantly limited life-time when
switched often [52]. Unfortunately, although MSCs can play a significant part in an
overall reactive power compensation in a system, the MSC-TCR arrangement does not
have the response, nor the repeatability of operation that are generally needed for the
dynamic compensation of power systems. Since precise and consistent control of the
mechanical switch closure is not possible, the capacitor bank must be switched with-
out any appreciable residual charge to avoid high and, possibly, damaging transients.
According to common IEEE terms, MSC-TCR are not considered as SVCs [47].
Losses
Fixed losses due
to cancellation of
FC current
IFC>ITCR(α)
IFC = ITCR(α)
ITCR(α)>IFC ISVC
(a) FC-TCR
ITCR(α)
C1
C2
C3
Losses
ITCR(α)- ncapIFC
(b) TSC-TCR
Figure 3.10.: Losses of (a) FC-TCR (b) TSC-TCR Type SVC [47, 49, 54].
Summary:
The general u− I and u− Q characteristics of SVC are depicted in Fig. 3.11. SVC arrange-
ments are fully adjustable within the limits. The SVC can behave like a fixed reactor (FR)
or FC when the thyristors are controlled in a way that the SVC provides only inductive or
capacitive reactive output. The maximum compensating current (inductive/capacitive)
decreases linearly with the AC system voltage. The var output therefore decreases with
the square of this voltage . This can be counted as a major drawback of the SVC as a
reactive power compensator [47].
Control of Static Var Compensator
SVCs can actively regulate the reactive power balance and control the voltage at the bus
where it is connected to apart from passive compensation elements such as capacitors
and reactors. This part of the thesis introduces the most important functions of the SVC
control. The main tasks of the control systems are:
• Compute a reference signal based on measured terminal voltage and auxiliary
signals.
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• Determine and trigger the number of the active TSC branches.
• Convert the control signal into a TCR gate angle.
• Synchronization of all elements to the system voltage via a phase-lock-loop (PLL). A
PLL steadily provides reference phase angle (θ) and thereby enables the decoupled
control of active and reactive power in dq-frame, which is offset by that angle.
IC,max IL,max
transient rating
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QL,maxQC,max
(b) SVC u− Q Characteristics
Figure 3.11.: General SVC u− I and u− Q Characteristics [20, 47, 49].
It is important to emphasize that the magnitudes of input and output signals in addition
to limits used in controllers are all in p.u. values. The main components of the control
systems of SVC are given below:
Measuring: For the correct synchronization of the thyristor gating signals, the instan-
taneous bus frequency is of interest.
Voltage Controller: The amplitude of the measured AC voltage uAC is compared with
the voltage reference (uAC,ref) continuously. The error∆uAC is processed and amplified by
a proportional integral (PI) controller to calculate an appropriate control signal. Fig. 3.12
shows a lag-block with the measurement time constant Tm and a non-windup PI con-
troller with a proportional gain KP, an integral gain KI and a time constant TP.
The SVC behaves like a controlled susceptance bSVC within bmax and bmin, and its effec-
tiveness in regulating the system voltage is dependent on the relative strength of the
connected AC system [54].
The operating point of the SVC becomes more stable when a certain “droop” is allowed.
This is especially important for oscillating systems, since they could be swinging around
an operating point where the number of TSC branches (or even MSC) changes constantly.
Furthermore, in real systems, the voltage droop allows improved task sharing when
multiple voltage controllers are active [47]. The droop is represented by a proportional
gain KSL as in Fig. 3.12 [49].
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TSC Selection Unit: If there is a TSC-TCR configuration, it has to be identified how
many TSC branches should be triggered. Usually, the total capacitive var range is split
into equal intervals (all capacitors are identical). If the controller output is a reference
susceptance bSVC, the number of active TSC branches can be calculated by dividing bSVC
into the susceptance of one capacitor bank bcap. The number of TSC branches ncap needs
to be rounded up to the next integer. The difference ∆b = ncapbcap − bSVC is subject to
compensation by the TCR through α [49].
If there is no TSC available, ncap is "0" and therefore ∆b = −bSVC. If ∆b < 0 (reactive
power absorption required), the input signal to the TCR interface is bSVC.
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Figure 3.12.: SVC Controller including IEEE Model-2 PI Voltage Controller [54].
Converting the Control Signals: The control signal is either susceptance or the in-
ductive current of the SVC. bSVC is calculated as well as BTCR based on Eq. 3.6. Then this
susceptance is converted into α using Fig. 3.6.
Synchronization of Gating Signals: The purpose of the synchronizing system is to
generate reference pulses in synchronism with the fundamental component of system
voltage. A very commonly employed synchronizing system satisfying the requirements is
based on the phase lock loop (PLL). The PLL provides a signal at the zero-crossing instant
of the fundamental voltage. The PLL has to work flawlessly even during a three-phase
short circuit with massively reduced and oscillated voltages. It is essential for both the
TSC and TCR [54].
Gate Impulse Generator: The susceptance reference output from the voltage con-
troller is transmitted to the gate pulse-generation (GPG) unit, which produces appro-
priate firing pulses for all the thyristor-controlled and thyristor-switched devices of the
SVC so that the desired susceptance is effectively rendered available at the SVC bus to
achieve the specified control objectives. GPG connects the outputs of the TCR interface
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α, the number of TSC ncap and the synchronization impulses of the PLL. It determines
the sequence in which the TSC connections should be actuated [54].
3.3.2. Static Synchronous Compensator
IEEE dictionary defines STATCOM as a static synchronous generator operated as a shunt-
connected static var compensator whose capacitive or inductive output current can be
controlled independent of the AC system voltage [46].
A STATCOM is a controlled reactive-power source. It provides voltage support by gener-
ating or absorbing reactive power at PCC without the need of large external reactors or
capacitor banks. This already indicates one major advantage of the STATCOM: it does
not require large reactor and capacitor banks and is therefore space-saving. The basic
STATCOM scheme including VSC is shown in Fig. 3.13. In addition to the installations in
the transmission grid, there are some STATCOM installations on the distribution level
(D-STATCOM), mainly for the power quality reasons such as flicker reduction [55].
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Figure 3.13.: The Basic Scheme of a STATCOM [53].
The STATCOM shown schematically in Fig. 3.13 consists of a DC energy source, a VSC
and a coupling transformer. In subsection 3.2.1, it is described that a VSC converts a
DC voltage into a controllable balanced set of AC voltages. The VSC is based on power
electronics with self commuting, solid-state turn-off capability (e.g. GTO and IGBTs) [56].
STATCOM is always connected to the transmission system via a coupling transformer
because of the power electronics technology and its limited operating voltage.
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The reactive power output of the STATCOM can be controlled by its varying terminal
voltage U
T
: A leading current is injected into the system by increasing U
T
over the AC bus
voltage U
AC
. If U
T
is below U
AC
, a lagging current is produced and the STATCOM behaves
like an inductor [47, 53]. The injected current into the system is calculated from Eq. 3.8
where XT represents the transformer leakage reactance.
I =
U
T
− U
AC
jXT
(3.8)
An ideal SVC is described in the previous chapter as a variable inductance or capacitance.
The ideal STATCOM therefore can be seen as a very fast-acting reactive current source
from the grid perspective [57].
The phasor diagram and operational characteristics of the STATCOM are displayed in
Fig. 3.14. It can be seen from this figure that the STATCOM can work both in the capaci-
tive and inductive regions. The operating range is limited by the maximum converter
currents ICmax and ILmax. Typical IGBT based STATCOMs do not have any or negligible
overload capabilities [48].
The active power flow into the converter supplies the converter losses with switching
and charging the DC capacitor to a satisfactory DC voltage level. The capacitor is charged
and discharged during the course of each switching cycle but in steady-state, the aver-
age capacitor voltage remains constant. If that were not the case, there would be active
power flowing into or out of the converter, and the capacitor would gain or lose charge
each cycle [58].
In steady-state, all of the power from the AC system is used to replenish the losses due
to switching. The STATCOM’s ability to absorb/supply active power depends on the size
of DC capacitor and the active power losses due to switching. Since the DC capacitor and
the losses are relatively small, the amount of active power transfer is also relatively small.
This implies that the STATCOM’s output AC current has to be approximately ±90° with
respect to AC system voltage at its line terminals (see phasor diagrams in Fig. 3.14(a))
[58].
The active and reactive power exchange between the single-phase system and the
compensator can be calculated from the following equations:
Q =
UT(UT − UAC cos θ)
Xtot
(3.9)
P =
UTUAC sin θ
Xtot
(3.10)
where Xtot is the connection reactance consists of XT and other connection reactances.
UAC of the bus, where the STATCOM is connected in the transmission grid, depends on
the generated or absorbed Q as in Fig. 3.15.
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Considering Eq. 3.9 and Eq. 3.10, if both UAC and UT are in phase (θ = 0), there is no active
power exchanged with the system. Active power exchange is forced by varying θ. When
the capacitor is represented by a large battery storage or another form of rechargeable
electrical energy storage, this can be used to enhance the compensating behavior. It is
also deployed to influence the DC voltage UDC [49].
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(b) STATCOM u− I Characteristics.
Figure 3.14.: STATCOM Phasor Diagram and u− I Characteristics [49, 53, 59].
On the basis of the explanations provided in the previous sections, it can be clearly seen
that SVC and STATCOM are static var generators. Even though STATCOM and the SVC
are similar in the the linear operating range of the u − I characteristic and functional
compensation capability, STATCOM has overall superior functional characteristics, better
performance, and greater application flexibility than those attainable with the SVC [47].
The reason to this, the VSC has faster reaction capability than the thyristors of the SVC.
The reactive power is not generated by the passive elements like reactors or capacitors
in STATCOM leading to a larger operating range: for the SVC, Q is proportional to U
2
T
,and
for the STATCOM Q is proportional to UT.
Control of Static Synchronous Compensator
The control system is tailored to achieve fast control of the instantaneous reactive power
exchanged by the STATCOM and to maintain the converter DC-link voltage constant [60].
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Figure 3.15.: STATCOM u− Q Characteristics [47].
The instantaneous three-phase variables of the STATCOM can be described in steady-
state by dq-components using Park’s transformation [60]. Park’s transformation yields
significant advantages such as the decoupled control of active and reactive power
which is also used in synchronous machines [61]. In this transformation, the measured
quadrature (q) components are offset by 90° to the direct (d) components. Assuming
that themeasured voltage is oriented on d-axis as ud, the quadrature voltage component
uq becomes "0" [60]. Considering that, the instantaneous active power (p) and reactive
power (q) exchange by a STATCOM with the system is calculated as:
p = udid + uqiq = udid (3.11)
q = −udiq + uqiq = −udiq (3.12)
The control strategy of the STATCOM should include the decoupled control of "d" and
"q" components. In the end, these components are converted into m in d- and q-axis to
trigger the STATCOM to generate required amount of P and Q as in Fig. 3.16.
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Figure 3.16.: STATCOM Control Structure [22, 49, 62].
A two-staged approach is commonly used for the converter control: i) a rather slow
voltage controller that determines the reference d-, q-axis currents and ii) the fast (inner)
current controller that determines the requiredm based on these currents. When θ is
provided by PLL, the PWM converter sends the actual control signals to the switches
(see Fig. 3.17) [49].
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PI controllers are utilized for both AC and DC voltages as in [22, 48, 57, 58, 62]. The
controllers react to the voltage deviation from a reference value. It is possible to
incorporate additional auxiliary signals e.g. power oscillation damping signals that have
positive effects especially in larger power systems (not shown in Fig. 3.17).
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Figure 3.17.: DC and AC Voltage Controller [63].
3.4. Series Connected Compensators
Shunt-connected compensators are explained in the previous section. Even though
shunt devices control the terminal voltage by injecting or absorbing reactive power, they
are ineffective in controlling power flows because they are dependent on the voltage
angles and the line impedance. Series connected compensators can rapidly adjust the
network impedance and therefore are able to control power flows and minimize the
effects of system disturbances. They are also used to overcome resonance and power
oscillation problems [47, 49].
The concept of series compensation is explained in chapter 2, namely "Fundamentals",
in detail. The underlying switching devices are similar to the ones in shunt compensators.
The main series compensation devices in the literature are static synchronous series
compensator (SSSC), thyristor controlled series capacitor (TCSC) and thyristor switched
series capacitor (TSSC). Since they are not widely used in the power grid applications,
they have a big potential to control line flows. Therefore, in this thesis, only SSSC will
be analyzed to see the impact of series compensation on the transients after being
subjected to a fault or switching operation.
3.4.1. Static Synchronous Series Compensator
The SSSC in Fig. 3.18 is a series-connected VSC-based FACTS device that regulates the
power flows between the two AC buses to which it is connected. It can be seen as the
series equivalent to the STATCOM.
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Figure 3.18.: The Basic Scheme of a SSSC in Line with the Series Reactance of an OHL [64].
The detailed model consists of a series-connected VSC device with a capacitor on the
DC side. The model is composed of three parts, namely the DC network, the VSC and
the controllers [64]. The constant DC voltage is provided by a DC voltage source as well
as STATCOM.
There are not so many studies in literature regarding SSSC control schemes in detail. The
authors in [65] suggest the control scheme shown in Fig. 3.19. The related part in [64]
says that the control system of SSSC is used for controlling UDC and the current flow I (or
active power flow P) on the AC side. Therefore, the control scheme in Fig. 3.19 overlaps
the definition in [64]. The comprehensive implementation of DC-voltage, AC-current
controllers and required transformations with regard to SSSC will be given in the next
chapter.
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Figure 3.19.: SSSC Control Diagrams for i) DC Voltage and ii) Current [64].
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It is seen from Fig. 3.19 that two PI-controllers for DC-voltage and AC-current controllers
are employed for both uDC and the current flowing on the AC side. The measured AC
current is transformed as id and iq. Then they are converted into m to be send to the
PWM converter. It is important to indicate that all input and output signals including
limits are p.u. values.
3.5. Combined Connected Compensators
In the previous sections, shunt and series compensation devices belonging to FACTS
have been given. In this section, a device which is combination of series and parallel
(shunt) compensators is discussed: UPFC.
3.5.1. Unified Power Flow Controller
The UPFC is the most versatile FACTS controller developed so far, with all encompassing
capabilities of voltage regulation, series compensation, and phase shifting. It can
independently and rapidly control both active and reactive power flows in a transmission
line [54].
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Figure 3.20.: The Basic Scheme of a UPFC [64, 66].
The basic components of the UPFC are two VSCs sharing a common DC capacitor and
connected to the system through coupling transformers [9]. The basic structure of the
UPFC is given in Fig. 3.20. The shunt connected VSC allows regulating the voltage like a
STATCOM (see Fig. 3.17) while the series connection allows controlling the active and
reactive power flows as in Fig. 3.21. Each converter can independently generate (or
absorb) reactive power at its own AC output terminal. Series VSC can be operated at
a unity power factor or be controlled to have a reactive power exchange with the line
independent of the reactive power exchanged by shunt VSC. The UPFC is a very versatile
device although it is relatively rare due to its complexity and high cost [64, 66].
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The active and reactive power exchange with the system by series part of UPFC can be
calculated from the following equations:
Q =
UUPFC(UUPFC − UL cos θ)
XL
(3.13)
P =
UUPFCUL sin θ
XL
(3.14)
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Figure 3.21.: Basic PQ-Controller Scheme of the Series UPFC Converter [64, 66].
3.6. Conventional Devices
The substantial amount of reactive power used be provided by synchronous generators
in conventional power plants. The applications based on power electronic devices such
as FACTS and thyristor switches enable fast and local reactive power compensation. Be-
fore these devices, the reactive power requirements of the transmission grids used to be
provided by conventional devices such as SCs and switchable capacitors/reactors. Even
though the fast compensators of FACTS are available and accepted, the conventional
devices still play a important role in compensating reactive power [49].
3.6.1. Synchronous Condenser
SCs have been used to support electric power systems almost as long as power systems
have existed. SC as a synchronous machine is not a part of FACTS group. The SC is con-
nected to the high voltage grid through a step-up transformer as well as synchronous
generators (see Fig. 3.22).
The superior response times can be achieved by making use of a modern generator
excitation system, namely rotating exciters. The rotating exciter, located at one end of
the rotor shaft, is directly connected to the machine field without the use of brushes
and slip rings. Since the brushes require periodic maintenance, which is influenced by
the local service conditions, it can be counted as another advantage of SCs. IGBT bridge
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is provided with a back-up source of power. This source is able to supply power for the
bridge when AC power is not available, as in the case of a local three-phase fault. This
allows the synchronous condenser the opportunity to provide reactive power support
under more extreme conditions [67].
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Figure 3.22.: The Basic Scheme of a SC.
Fig. 3.23 shows u− I and u− Q curves of the SC. The reactive power output in the right
half of in u− Q curve could be held constant as voltage decreases, up to a certain point.
The current needs to be increased in order to achieve the rated power at low voltages.
This increase in current can be observed in the associated to the left half of u− I curve.
The limit of the low voltage depends on a number of system design factors including
the SC itself, the control system, and even auxiliary components such as lubrication and
cooling. Considering these facts, it can be seen that the SC performs similarly to the
STATCOM. However, SC has the significant overload capability compared to STATCOM.
For periods of a few seconds, it is possible for a SC to remain reactive power output
constant as the voltage decreases [68]. The very compact STATCOM IGBT switches have
very limited thermal buffers and therefore limited or no overload capacity [48].
Q =
U
2
T
− UTUAC
Xtot
(3.15)
Assuming lossless operation and a solid pole machine, the reactive power can be
calculated by Eq. 3.15 and is proportional to the terminal voltage UT. The internal
voltage U is controlled via the rotor excitation. Xtot represents the total connection
reactance consisting of machine reactance and transformer leakage reactance. During
disturbances, a synchronous machine passes the sub-transient and transient stage. The
effective inductivity of the machine decreases in order to maintain the internal fluxes.
Therefore, following relation for the sub-transient reactance X
′′
d
and transient reactance
X
′
d
is applicable:
X
′′
d
< X ′
d
< Xd (3.16)
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Figure 3.23.: SC u− I and u− Q Characteristics [49, 57].
As it is mentioned above SCs have greater overloading capability than STATCOMs. This is
also indicated in Fig. 3.23. The amount of overload depends on the design and utilized
technologies [68]. When a larger system disturbance occurs, the condensers can be-
come over-loaded for few seconds, if necessary, until the shunt capacitors are switched.
The capacitors then bring the condensers back within rated steady-state capability. For
example, a newly built condenser is able to produce more than 200% reactive power
beyond five seconds from the disturbance showing that SC can have very high transient
ratings [67].
The SC rotates synchronous to the system frequency. It is therefore subject to the
frequency deviations and can react to them like typical synchronous generator [49].
SCs can provide rotating inertia to a power system and can also increase system short
circuit strength. These traits can be helpful as systems adapt to higher penetrations of
renewable power sources such as wind or solar [68].
The voltage support capability and short circuit strength of SCs are together a very
favorable combination for utilities in case of commutation failures especially in weak AC
systems (e.g. HVDC applications) [48, 54].
SCs are characterized by relatively slow control responses because of their large field-
time constants. Since SCs are the rotating devices, they require regular maintenance and
become more expensive than equivalent-rating static compensators (due to slip rings
or brushes in the converted SCs). Additionally, they need significant space especially for
high var ratings so that it can be very costly [54].
The reactive power of the SC can be continuously controlled by varying its excitation cur-
rent. When it is overexcited, it behaves like a capacitor, injecting reactive power into the
system. The machine is normally excited at the base current when its generated voltage
equals the system voltage; it thus floats without exchanging reactive power with the sys-
tem. When it is underexcited, it absorbs reactive power from the system like an inductor.
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The basic operating requirement of the excitation control system is adjusting the field
current to maintain the desired voltage at the terminal of the machine. There are several
excitation systems available as listed below [20]:
1. DC excitation
2. AC excitation
3. Static excitation
The control scheme of a general excitation system schematically shown in Fig. 3.24. DC
excitation systems utilize DC generators as sources of excitation power. They provide
DC power to the machine field windings and current to the rotor of the synchronous
machine through the slip rings. DC excitation systems are gradually disappearing, as
many older systems are being replaced by AC or static type systems [20].
uAC
uF
uerr uR efd uT
Figure 3.24.: General Excitation Control System [20, 49].
The block diagram of IEEE DC2A excitation system is displayed in Fig. 3.25 and the
related parameters are given in Table 3.3 (TA and TB are "0"). The resulting signal uerr
is amplified in the controller. The major time constant TA and gain KA associated with
the voltage controller. The controller is non-windup type having the limits of uR,max and
uR,min that represent saturation or amplified power supply limitations. Additionally, uC
represents the compensated terminal voltage. The time constants, TB and TC inherent in
the voltage controller are small enough to be neglected [69].
uAC
uF
uR efd
ux
uRmax
uRmin
uC
Regulator Excitation System
uerr
Figure 3.25.: Controller and Exciter Block Diagram of the IEEE DC2A System [20, 69].
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Table 3.3.: Selected Parameters of a SC Excitation System.
Parameter Definition Unit
KA Controller Gain p.u.
TA Controller Time Constant s
KE Exciter Gain p.u.
TE Exciter Time Constant s
KF Stabilization Path Gain p.u.
TF Stabilization Path Time Constant s
E1 Saturation Factor 1 p.u.
SE(E1) Saturation Factor 2 p.u.
E2 Saturation Factor 3 p.u.
SE(E2) Saturation Factor 4 p.u.
uRmin Minimum Controller Output p.u.
uRmax Maximum Controller Output p.u.
The excitation itself usually is represented by an integrator block with feedback elements
for saturation SE (Efd) and self-excitation KE. A signal derived from generator field voltage
is normally used to provide excitation system stabilization via the rate feedback block
with gain KF and time constant TF [69].
The feedback element block in the general excitation control system in Fig. 3.25 can
include over- and under-excitation limiters and power system stabilizers [49].
3.6.2. Mechanically Switched Compensators
Passive elements such as reactors and capacitors are widely used for reactive power
compensation. Large industrial consumers with inductive loads use FCs to enhance
their power factor. Reactors come to use at the tertiary windings of transformers to
limit the charging current of transmission lines at night (with low load). A certain degree
of flexibility is added when one or multiple compensators can be switched-on or -off via
circuit breakers. This arrangement is called MSC or MSR which indicates that no power
electronics are involved [49].
MSCs are simple and low-speed solutions for voltage control and network stabilization
under heavy load conditions. As a more developed form of MSC is MSC with an addi-
tional damping circuit (RLC-filter). These devices are then called Mechanically Switched
Capacitors with Damping Network (MSCDN) as in Fig. 3.26. They provide essentially
voltage support by damping the harmonics. MSCs are tuned in a way that resonances in
the power system will not occur [45].
The capacitor banks are assembled by multiple capacitor elements in series and parallel.
To protect the so-called capacitor stacks, they are fused and monitored so that a single
capacitor failure can be contained. The capacitor bank is sensitive to over-voltages and
must therefore be appropriately protected (e.g. by surge arresters) [54].
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Figure 3.26.: The Basic Scheme of a MSCDN Scheme.
The typical life of mechanical breakers is 2000 to 5000 operations. The stationary use
cases include switching-on when there is high load and switching-off when there is low
load in the system. Hence they have a normal switching frequency of 2-4 times per day.
This proves that MSCs require frequent maintenance. Furthermore, circuit breakers
are slow and comparably unreliable. It takes at least two cycles to close and about
eight cycles to open the breaker [54]. For the quasi-stationary usage, this is a minor
problem, but it indicates that the MSC is in fact a poor dynamic compensator [49]. u− I
characteristics of MSCDN is depicted in Fig. 3.27.
1.0
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0.2
u
T
IC IL
Figure 3.27.: MSCDN Scheme and u− I Characteristics [45].
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3.7. Cost Comparison of Reactive Power CompensationDevices
An elaborate cost comparison of selected FACTS controllers and conventional compen-
sators are presented in Table 3.4. The cost figures in [48, 54, 70] have been estimated
from various electric power research institute (EPRI) reports. As it is seen from this table,
the cost of UPFC
3
is equivalent to that of two STATCOMs: one in shunt, the other in
series.
Table 3.4.: Cost Comparison of Reactive Power Compensation Devices [48, 54, 70].
Name Capital Cost(per kvar) Operating Cost
Capacitors/Reactors $10-30 Very Low
SVC $40-100 Moderate
STATCOM $50-100 Moderate
SC $10-40 High
UPFC shunt converter $50-100 Moderate
Name Capital Cost(per kW) Operating Cost
UPFC series converter
and SSSC
$50-100 Moderate
3
No actual price range is found for UPFC and SSSC in the literature. The price range for each converter is
assumed to be based on STATCOM.
42
4. Implementation of Compensatorsinto DIgSILENT PowerFactory
The implementation in a suitable power system simulation environment is essential
for the comprehensive analysis. This thesis presents a comprehensive assessment
of different reactive power compensation devices in the transmission system. The
implementation of the compensation devices for simulations is carried out in DIgSILENT
Power Factory since it provides the tools for both, stationary as well as dynamic situa-
tions. The necessary implementation of compensators in the software is based on the
theoretical review of the characteristics of the technologies as explained in the previous
chapter as well as existing modelling approaches.
Since this chapter is regarding the implementation of selected compensation devices
into DIgSILENT Power Factory, rather than typical blocks used generally in controllers,
the dedicated representation of the blocks existing in the simulation environment will
be used (e.g. limiters). It is important to emphasize here that, unless otherwise specified,
the input, output signals and limits of the controllers are p.u. values.
4.1. Implementation of Static Var Compensator intoPowerFactory
In order to implement dynamic control scheme of the SVC into Power Factory, first
of all, a frame as in Fig. 4.1 should be realized including the components such as (1)
Measurement, (2) SVC Controller, (3) SVC Interface (selection unit and signal converting),
and (4) PLL as explained below:
(1) AC Voltage Measurement
The voltage measurement uAC is taken from the bus where SVC connected to and this
input signal is sent to SVC controller as in Fig. 4.1.
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Figure 4.1.: SVC PowerFactory Frame [71].
(2) Static Var Compensator Controller
It is a PI-controller that is adapted from the Fig. 3.12 in the previous chapter. The SVC
controller to be implemented into PowerFactory is given in Fig. 4.2. The parameters can
be found from Table 4.1.
1
1 + 𝑠𝑇m
 
𝐾SL  
Voltage Controller
𝑢AC ,ref  
𝑢AC  
𝑏max  
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𝐾P ,𝐾I   
𝑏max  
𝑏min  
(2) SVC Controller: IEEE Model 2 
1
1 + 𝑠𝑇o
 
Droop
Figure 4.2.: SVC PowerFactory Interface [54].
(3) Static Var Compensator Interface
In order to control a SVC in PowerFactory, the SVC-Interface can be implemented as
shown in Fig. 4.3. The SVC interface can only be used for the balanced operation. The
SVC interface object is used in the composite SVC model to translate the output signal of
a SVC controller, bSVS into signals such as α of TCR and a signal which equals the number
of TSC branches ncap to be activated [71].
While the TSC part of the controller determines ncap, the TCR part calculates α between
90° and 180° from a embedded table in Power Factory. As mentioned earlier, since TCR
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absorbs reactive power, TSC generates reactive power and therefore "-1" block is used
to determine capacitive reactive power output. The block of "ceiling" is used to round
the input number to the smallest larger integer (e.g. ceil(1.5) = 2) because an integer
only can be used to define ncap.
-1
𝑏SVC  
ceiling
 (3) SVC Interface
0
x
𝑏TSC  
90
Lookup
Table
180
𝑏TCR  
𝑛cap  
𝛼 𝑛xcap  
T
S
C
T
C
R
Figure 4.3.: SVC PowerFactory Interface [71].
Table 4.1.: Selected Parameters of a SVC PI-Controller.
Parameter Definition Unit
KP Proportional Gain p.u.
TP Proportional Time Constant s
Tm Measurement Delay s
To Output Filter Time Constant s
KI Integral Gain p.u.
KSL Droop p.u.
bmin Minimum Susceptance p.u.
bmax Maximum Susceptance p.u.
(4) Phase Lock Loop
The SVC model includes an in-built frequency measurement, based on the angles neces-
sary to perform the firing of thyristors. The in-built frequency measurement considers
voltage zero crossings and may not be accurate during fast transients in the grid, with
high frequency harmonics in the phase-to-phase voltages. In such cases, it is recom-
mended to connect an external frequency measurement (Fm), with a PLL (see Fig. 4.1)
[71].
Analysis of Static Var Compensator PowerFactory Model
The basics and PowerFactory modelling of the SVC have been explained so far in this
section. Unfortunately, some problems occurred during the transient simulations of
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the SVC model especially for the type of TCR with "thyristors" rather than "variable
inductance" (even though an external PLL is connected to the existing model). Therefore,
the TCR with variable inductance is used for the transient calculations in the later
chapters. The problem is explained in Appendix B in detail.
4.2. Implementation of Static Synchronous Condenserinto PowerFactory
The STATCOM in PowerFactory is represented by a PWM converter, ElmVsc. There are
two models available for transient calculations including a simple and detailed model.
While STATCOM is represented as a DC-controlled AC voltage source in the simple
model, the valves are represented by switches having an on- and an off-resistance and
a snubber-circuit in parallel in the detailed model.
In this thesis, the simple model is implemented to the grids for the transient simulations.
If the harmonics and resonance phenomena are investigated, then the detailed model
of the STATCOM should be used (see Appendix C for more information). Otherwise, the
simple model is utilized.
As it explained before the STATCOM is connected to a terminal via a coupling trans-
former. This transformer is assumed to have a leakage reactance of uk = 0.1 p.u. [47]
Furthermore, DC voltage is provided by a DC voltage source in order to keep the voltage
constant.
A suitable control scheme for the converter is developed based on the approaches
explained in section 3.3.2. As a first step, a frame as depicted in Fig. 4.4 is implemented
including (1) AC Voltage Measurement , (2) DC Voltage Measurement, (3) STATCOM
Controller and (4) PLL.
(1) AC and (2) DC Voltage Measurement
While uAC is taken from the bus where STATCOM is connected, uDC is taken from the
terminal where DC voltage source is connected. These measured voltages are then send
to the STATCOM controller as input signals.
(3) Static Synchronous Condenser Controller
It consists of two stages as explained before including a voltage controller and current
controller. The voltage controller in Fig. 4.5. converts uAC and uDC into reference currents
in dq-frame, id,ref and iq,ref. Then these signals are transferred to the integrated current
controller in the converter to getm in d- and q-frame,md andmq (see Fig. 3.17).
The parameters of the voltage and current controllers can be found in Table 4.2 and
Table 4.3 [72], respectively.
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Figure 4.4.: STATCOM PowerFactory Frame [63].
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Figure 4.5.: STATCOM PowerFactory Controller [63].
(4) Phase Lock Loop
In a grid connected VSC system (it is PWM controller in the implementations), active and
reactive powers exchanged between the converter and grid become proportional to d-
and q- axis components if the reference angle (ref ) is equal to bus voltage angle. The
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voltage angle is measured using PLL from the bus where the converter is connected.
After measuring the voltage angle, PLL connects it with the output of the internal current
controller in PWM. The amplitude of the PWM output voltage depends onm:
• m =
√
m2
d
+m2
q
ifm is defined on dq-frame or
• m =
√
m2
r
+m2
i
ifm is defined αβ-frame.
PLL attempts to locate uAC on the d-axis. In this case ud = uAC and uq = 0.
p = uAC
(
id cosref +iq sinref
)
= udid + uq︸︷︷︸
uq=0
iq = udid (4.1)
q = uAC
(
id sinref−iq cosref
)
= −udiq + uq︸︷︷︸
uq=0
iq = −udiq (4.2)
Table 4.2.: Selected Parameters of a STATCOM Voltage Controller.
Parameter Definition Unit
Tm,DC Active Power Control Time Delay s
KDC Active Power Control Gain p.u.
TDC Active Power Control Time Constant s
Tm,AC Voltage Control Time Delay s
KAC Voltage Control Gain p.u.
TAC Voltage Control Time Constant s
KSL Droop p.u.
imin Minimum Current p.u.
imax Maximum Current p.u.
Table 4.3.: Selected Parameters of a STATCOM Current Controller.
Parameter Definition Unit
Kd d-Axis Proportional Gain p.u.
Kq q-Axis Proportional Gain p.u.
Td d-Axis Integration Time Constant s
Tq q-Axis Integration Time Constant s
Reactive Power Measurement
The option of "Q Measurement" is not activated for the transient simulations since it has
no impact on the control approach. Therefore, it is marked with dashed lines in Fig. 4.4.
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4.3. Implementation of Static synchronous seriescompensator into PowerFactory
The SSSC in PowerFactory is represented by a PWM converter as well as STATCOM. SSSC
can be seen a series equivalent of the STATCOM but its control scheme is rather different.
The STATCOMmodel implemented in this thesis has two stages of voltage controllers for
the AC and DC voltages. SSSC is supposed to control current (power) flows along a line
where it is connected in series. Therefore, a appropriate current controller should be
implemented in addition to DC voltage controller. This approach is reasonable when the
controllers in the previous chapter for SSSC (see Fig. 3.19) are taken into consideration.
For the transient simulations, the simple model is implemented rather than the detailed
model because of the same reasons explained for STATCOM. The frame of SSSC for the
Power Factory implementation is depicted in Fig. 4.6.
(1) AC Current Measurement
The current measurement is taken from the arm of the booster transformer. The
real (ir) and imaginary parts (ii) of the measured current (iAC) are delivered to "Current
Controller" as input signals.
AC Current 
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StaImea
Current 
Controller
Elmcon
Converter
ElmVsc
𝑖r  
𝑖d,ref  
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StaVmea
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Controller
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𝑠𝑖𝑛ref  
𝑐𝑜𝑠ref  
𝑚r  
𝑚i 
(2)
(1)
(3)
(4) (5)
Figure 4.6.: SSSC Power Factory Frame.
(2) DC Voltage Measurement and (3) DC Voltage Controller
DC voltage is measured from the terminal where DC voltage source is connected as well
as in STATCOM. Then the measured voltage is transferred to voltage controller that is
basically a PI controller to generate id,ref for the current controller. Fig. 4.7 shows very
general block diagram of a PI controller. The parameters of the controller can be found
in Table 4.4. These parameters are taken from the series converter of UPFC in [73] that
is analyzed in the following part.
49
𝑖d,ref  
𝑢DC  
𝑢DC ,ref  
PI-Controller
𝐾DC ,𝑇DC  
1
1 + 𝑠𝑇m,DC
 
𝑖max  
𝑖min  
 (3) SSSC DC Voltage PI-Controller
Figure 4.7.: DC Voltage Controller [73].
Table 4.4.: Selected Parameters of a SSSC Voltage Controller.
Parameter Definition Unit
Tm,DC Active Power Control Time Delay s
KDC Active Power Control Gain p.u.
TDC Active Power Control Time Constant s
imin Minimum Current p.u.
imin Maximum Current p.u.
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Figure 4.8.: Current Controller [73].
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(4) Phase Lock Loop
The logic is quite similar as in STATCOM. The voltage angle is measured and output
signals of the current controller are connected using PLL. In SSSC implementation into
PowerFactory, rather than using the internal current controller, a current controller is
implemented as indicated in Fig. 4.6. The output signals of PWM are mr andmi instead
ofmd andmq
(5) Current Controller
The current measurement is taken by the component of StaImea. After that, this signal
is delivered to the current controller in Fig. 4.8 with the outputs of PLL (cosref and sinref).
The current controller processes the real and imaginary parts of the measured current
(ir and ii), and converts them intomr andmi. The required transformation from αβ- to
dq-frame in the current controller is realized as below:
id = ir cosref +ii sinref (4.3)
iq = −ir sinref +ii cosref (4.4)
In order to acquire the m in αβ-frame, the back transformation in the current controller
is realized as below:
mr = md cosref−mq sinref (4.5)
mi = md sinref +mq cosref (4.6)
The parameters of the current controller of SSSC can be found in Table 4.5. These
parameters are taken from the series converter of UPFC that is introduced in [73] for
dynamic simulations.
Table 4.5.: Selected Parameters of a SSSC Current Controller.
Parameter Definition Unit
Ti Input Filter Time Constant s
Kd d-Axis Proportional Gain p.u.
Td d-Axis Integration Time Constant s
Kq q-Axis Proportional Gain p.u.
Tq q-Axis Integration Time Constant s
md,min Minimumm on d-Axis p.u.
md,max Maximumm on d-Axis p.u.
mq,min Minimumm on q-Axis p.u.
mq,max Maximumm on q-Axis p.u.
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4.4. Implementation of Unified Power Flow Controllerinto PowerFactory
The UPFC in PowerFactory is represented by a series PWM converter (like SSSC) and a
shunt PWM converter (like STATCOM). Therefore, the control frame is the combination
of the shunt and series control frames. The shunt control frame is already introduced in
Fig. 4.4 for STATCOM. Furthermore, the voltage and integrated current controllers with
the required parameters are the same as in the STATCOM. Since same frame, controllers
and parameters can be used for the shunt PWM of UPFC, no further implementations
will be given in this part.
The series PWM converter frame slightly different than SSSC frame as depicted in Fig. 4.6.
An additional "PQ Controller" is implemented into the frame of the series UPFC con-
verter as in Fig. 4.9.
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Figure 4.9.: UPFC Power Factory Frame [73].
The components of the frame of the series converter are explained below:
(1) AC Voltage Measurement
The voltage measurement is taken from the bus where booster transformer connects
UPFC with the rest of the grid. The real ur and imaginary ui parts of the measured
voltage are send to the "PQ Controller" as in Fig. 4.9.
(2) AC Current Measurement
The current measurement is taken from the arm of the booster transformer as well as
SSSC. ir and ii of the measured current (iAC) are delivered to "PQ Controller" as input
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signals to calculate active and reactive powers.
(3) Active and Reactive Power Controller
The measured voltage and current signals are processed in this controller. The imple-
mentation of the "PQ Controller" is depicted in Fig. 4.10 and the parameters are given in
Table 4.6.
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Figure 4.10.: UPFC PQ Controller [73].
Table 4.6.: Selected Parameters of a UPFC PQ Controller.
Parameter Definition Unit
Ti Input Filter Time Constant s
KP Active Power Control Gain p.u.
TP Active Power Control Time Constant s
KQ Reactive Power Control Gain p.u.
TQ Reactive Power Control Time Constant s
id,min Minimum Current on d-Axis p.u.
id,max Maximum Current on d-Axis p.u.
iq,min Minimum Current on q-Axis p.u.
iq,max Maximum Current on q-Axis p.u.
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(5) Current Controller
The same current controller in SSSC is implemented into the series converter of the
UPFC (see Fig. 4.8). This current controller is taken from [73].
4.5. Implementation of Synchronous Condenser intoPowerFactory
The SCs are synchronous machines as explained previously. They are implemented into
the grids as the component of synchronous machine, ElmSym based on the model of
Typ Sym 0003. The SC is connected to the grid via step-up transformer having a leakage
reactance of uK = 0.1 p.u. The reactive power output of the SC is regulated by excitation
system. In the literature, there are well-documented control schemes for SC available as
in [69]. The control scheme of IEEE DC2A Excitation System and the definition of the
parameters are given in the previous chapter. Therefore, in this chapter, only the frame
of SC for Power Factory implementation will be given (see Fig. 4.11).
AC Voltage 
Measurement
StaVmea
𝑢AC  AVR
ElmAvr
SC Slot
ElmSym
𝑢T(𝑒fd ) 
 
(1) (2)
Figure 4.11.: SC Power Factory Frame [74].
(1) AC Voltage Measurement
The AC voltage measurement is taken from the terminal where SC in connected to. Then
this voltage signal is processed in automatic voltage regulator (AVR) to be transferred
to the SC. According to the final signal, SC either generates (overexcited) or absorbs
(underexcited) the required amount of reactive power.
(2) Automatic Voltage Regulator
The reactive power output of the SC is proportional to the terminal voltage. Additionally,
the internal voltage is controlled by a rotor excitation. IEEE DC2A excitation system is
implemented into Power Factory (see Fig. 3.25 in chapter 3).
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5. The Voltage Stability in theLong-Term Time Frame:Static Voltage Stability
In this part of the thesis, the main concepts regarding static voltage stability phenomena
considering the characteristics of the selected transmission grids, loads and reactive
power compensation devices will be analyzed. The analyses carried out in this chapter
takes the energy transition actions and their impact on the voltage stability into account.
This part is important to both determine the location and required amount of reactive
power of the selected compensation devices for the transient calculations in later
chapters. Furthermore, the factors affecting voltage stability will be examined.
5.1. Static Voltage Stability and Indices
The concept of static analysis is to capture some snapshots of the system in case of
different conditions along various time frames. Static voltage stability is investigated in
the long-term time frame based on steady-state power flow solutions.
The static voltage stability indices can be determined through P-V and Q-V curves at
selected load buses
1
. These curves are calculated by executing a number of power
flows. In addition to P-V and Q-V curves, modal analysis approach and V-Q sensitivity
analysis based on Jacobian matrix are commonly used techniques in the literature [20,
43, 75, 76]. These methods will be described, compared and compatibility of them in
terms of implementations will be discussed in the following sections in more detail.
1
The term of "U" is used for voltage in the figures and equations throughout the thesis. In the literature,
the voltage based analyses are introduced using the term of "V" e.g. PV Bus, P-V Analysis, Q-V Analysis,
V-Q Sensitivity, etc. Additionally, V also presents the velocity of a particle in PSO apart from the voltage.
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be written as in Eq. 5.4 briefly. [
∆p
∆q
]
=
[
JPθ JPV
JQθ JQV
] [
∆θ
∆u
]
(5.4)
where ∆p, ∆q, ∆θ and ∆u are incremental change in bus active power, reactive power,
voltage angle and voltage magnitude, respectively.
The elements of the Jacobian matrix give the sensitivity between power flow and bus
voltage changes [20]. In this section, only the sensitivity between reactive power and
bus voltage will be explained, namely V-Q sensitivity. Therefore, it is assumed that there
is no active power change, ∆p = 0. Then the equation in Eq. 5.5 is acquired.
∆q = J
Rd
∆u (5.5)
where
J
Rd
=
[
J
QV
− J
QθJ−1Pθ JPV
]
(5.6)
and J
Rd
is named as the reduced V-Q Jacobian matrix and inverse of it (J−1
Rd
) will eventually
give the sensitivity matrix (SVQ). SVQ is calculated using Eq. 5.7. Since SVQ provides the
infomation about V-Q sensitivity of the whole system, the diagonal elements of this
matrix show V-Q sensitivity of each bus [82, 83].
∆u = J−1
Rd
∆q (5.7)
The V-Q sensitivity at a bus represents the slope of the Q-V curve at the given operating
point. Therefore, this relation can be used in defining the capacity of a compensator at
a specific voltage level. A positive V-Q sensitivity is indicative of stable operation; the
smaller the sensitivity, the more stable the system. As stability decreases, the magnitude
of the sensitivity increases, becoming infinite at the stability limit. Conversely, a negative
V-Q sensitivity is indicative of unstable operation [20].
5.1.4. Modal Analysis
The modal analysis is especially used in early studies in analysis of voltage stability in
the long-term time frame [82, 84, 85].
Voltage stability characteristics of the system can be identified by computing the eigen-
values of the J
Rd
as shown in Eq. 5.8.
J
Rd
= ξΛη (5.8)
ξ, Λ and η represent right eigenvector, diagonal eigenvalue and left eigenvector of J
Rd
,
respectively. The calculation of J−1
Rd
depends on eigenvectors as in Eq. 5.9.
J−1
Rd
= ξΛ−1η (5.9)
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5.2. Investigated Transmission Grids
In this thesis, IEEE 24 Bus RTS in Fig. 5.3 [86, 87] is implemented using DigSilent Power-
Factory.
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Figure 5.3.: IEEE 24 Bus Reliability Test System [86, 87].
IEEE 24 Bus RTS system consists of 33 generators connected to 10 buses, a synchronous
condenser (SC), 17 loads and 38 OHLs. In the original proposal, the total load is 2849 MW
and the system has two voltage levels including 230 kV transmission level and 138 kV
sub-transmission level. The grid data of IEEE 24 Bus RTS can be found in the Appendix D,
as well. There are a couple of reasons to pick IEEE 24 Bus RTS for this thesis as listed
below:
• It represents both transmission and sub-transmission grids as well as real cases.
• This grid is relatively high loaded. Therefore, it is convenient to realize some
violated cases especially for transient voltage stability analyses (see chapter 6).
• Due to having a sub-transmission grid connected to transmission side, so-called
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German energy transition plans (GETP) can be implemented and analyzed effi-
ciently.
The assumptions that depict the effects of GETP on IEEE 24 Bus RTS are given in Fig. 5.4.
In order to maintain reliable grid performance with increasing wind power generation
(WPG), transmission system operators (TSOs) update their grid connection codes with
specific requirements regarding the operation of wind farms (WFs). WFs are expected
to support the reactive power balance of the whole grid as well as conventional power
plants [88]. In other words, WFs should generate or absorb reactive power to support
bus voltages. The bus voltages can be increased by injecting reactive power to the grid
and can be decreased by absorbing reactive power [88, 89].
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Figure 5.4.: Implementation of GETP to IEEE 24 Bus Reliability Test Grid (Modified from [86, 87]).
The general assumptions made in this thesis that depict the effects of GETP on IEEE 24
Bus RTS are listed as below:
• The most of the big conventional power plants are switched-off on the trans-
mission side of IEEE 24 Bus RTS. Some of them are left to be able to operate
transmission grid avoiding a system collapse.
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• The total power of switched-off conventional power plants are shifted to the
sub-transmission side of IEEE 24 Bus RTS from the transmission side.
• DGs, which are WFs in this thesis, are connected to the sub-transmission side of
IEEE 24 Bus RTS in order to balance the total generation. That leads to a generation
shift to the sub-transmission grid from the transmission grid.
• The rate of WPG is given by the equation in Eq. 5.10 based on Fig. 5.5. This figure
shows the reactive power requirements in grid codes for some European countries
including Denmark, Germany, Ireland and UK [88, 89].
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Figure 5.5.: Reactive Power Requirements to Satisfy Grid Codes for some European Countries [88, 89].
%WPG =
PWF
PN,WF
· 100 (5.10)
In the Fig. 5.5, PWF and QWF are the actual active and reactive power generated by a
WF. Furthermore, PN,WF in the eqaution above is the nominal active power of a WF.
• In this thesis, %100, %50 and %20 WPG scenarios (dashed lines in Fig. 5.5) are
analyzed for the voltage stability in the long-term time frame. In the following
chapter, the impact of these WPG scenarios will be investigated within the voltage
stability in the short-term time frame. The idea here is to analyze the overall
effects of GETP on voltage stability phenomena in the transmission grid.
5.3. Load Characteristics and Their Impact on VoltageStability Indices
The load models are divided into two main categories: i) static models and ii) dynamic
models. Common static load models for active and reactive power are expressed in
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polynominal or exponential forms [6, 90, 91]. Static loads can be defined as constant
impedance (Z-Load), constant current (I-Load) and constant power (P-Load) loads [29,
92]. The common static load models that represent the power relationship to voltage
are given by
P(U) = P0
(
U
U0
)np
(5.11)
Q(U) = Q0
(
U
U0
)nq
(5.12)
where P0 and Q0 are real and reactive power consumed at a reference voltage U0. The
exponents np and nq define the load type:
• np = nq = 0, P-Load
• np = nq = 1, I-Load
• np = nq = 2, Z-Load
Polynominal loads, referred as ZIP-Loads, are given by the equation [93] of
P = P0
[
ap
(
U
U0
)2
+ bp
(
U
U0
)
+ cp
]
(5.13)
Q = Q0
[
aq
(
U
U0
)2
+ bq
(
U
U0
)
+ cq
]
(5.14)
In this thesis, P-Load, I-Load and Z-Load are implemented into IEEE 24 Bus RTS for
stationary voltage stability analysis. Additionally, as a polynomial load, a ZIP-Load having
the parameters of ap,q = 0.4, bp,q = 0.3 and cp,q = 0.3 is utilized in the same grid. The
parameters of ap,q, bp,q and cp,q for ZIP-Load are selected arbitrarily by the author.
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Figure 5.6.: The Location of the Composite Loads in Power Systems.
The load modelling studies in the literature are mostly carried out for distribution grids.
It shows that loadmodelling is not a big concern for the transmission grids. The reason is
that the composite loads are accumulated in low- and medium-voltage grids (see Fig. 5.6
as an example). The tap changers of the transformers in low- and medium-voltage
grids are adjusted through AVRs. Therefore, the loads are assumed to consume certain
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amount of active and reactive power on the transmission side [20]. However, it is known
that the loads might become voltage dependent for a short while in case of a fault
because tap changers of the transformers in distribution grids need a couple of seconds
to act (dead-time ' 10 s) 2. An important task of this thesis is to look into the location
of the selected compensation devices in case of grid faults as well as sizing them them
suitably. Since the approaches to determine both the location and the required reactive
power of the compensation devices are generally based on P-V and Q-V analyses, it is
important to show how voltage dependency of the loads can effect the reliability of the
used approach even for a short while.
5.3.1. Behaviour of Voltage Dependent Loads for the Base Case
In this section, the voltage dependency of the loads is investigated for the scenario of
"Base Case". The base case here refers to the grid condition without any modifications
with regard to energy transition actions (or GETP).
P-V Curves vs. Sensitivity Analysis in Case of Various Loads
In this part of the thesis, P-V curves are generated for P-, I-, Z- and ZIP-Load to see the
impact of the voltage dependent loads on the candidate buses of the IEEE 24 Bus RTS
(see Fig. 5.7). In this figure, PP,total, PI,total, PZ,total and PZIP,total show the maximum loading
of the grid just before the voltage collapse in case of different type of loads. The aim of
P-V analysis is to determine the critical bus.
The candidate buses are selected from load (PQ) buses on the transmission side of IEEE
24 Bus RTS including Bus 11, Bus 12, Bus 17, Bus 19, Bus 20 and Bus 24. From the
Fig. 5.7, it can be seen that λ is better with Z-Load compared to other load types. As
explained before, the gradient of P-V curves are considered to determine the critical
bus for the same loading scenario. The gradients of the P-V curves of each bus are
depicted in Table 5.1. Additionally, the summary of the results in terms of changes in λ
and sensitivity SVQ for different types of loading scenarios after P-V analysis are given in
Table 5.2 where the worst case is marked in bold.
The critical bus after P-V analysis is Bus 12 because its ν is the highest for any type of
load (see Table 5.1). While voltage dependency of loads increases, LMs of the IEEE 24
Bus RTS improve noticeably. However, there is neither any collapse nor NP observed in
case of Z-Load while showing unlimited loading (see Fig. 5.7 for Z-Load). However, the
loading of power systems cannot be considered as unlimited indicating that P-V analysis
not very reliable for any type of load combinations.
In real power systems, the static loads are generally represented by ZIP-Load. With
the assumed combination of different P-, I- and Z-Load, this model gives the second
worst results after P-Load (see Table 5.2). In case of P-Load, which is marked in bold
in Table 5.2, Bus 12 has the smallest λ and the highest SVQ value. On the other hand,
2
This information is taken directly from the German transmission system operator, Stromnetz GmbH.
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Table 5.4.: Summary of the Results after Q-V Analysis based on Fig. 5.8
Load Type P-Load I-Load Z-Load ZIP-Load
Critical Bus Bus 24 Bus 24 Bus 24 Bus 24
QM 456.36 473.69 483.85 471.00
SVQ 0.0417 0.0410 0.0404 0.0411
5.3.2. Assessment of the Voltage Stability Indices to beImplemented
The widely used approaches to investigate static voltage stability are i) P-V analysis ii)
Q-V analysis iii) calculating the diagonal elements of SVQ (V-Q sensitivity) and iv) modal
analysis. Q-V analysis often presents more useful characteristics for the certain aspects
of voltage stability analysis compared to P-V curve analysis because Q-V curves can be
used to assess voltage stability with all kind of load uncertainties [93–95].
Even though the idea behind Q-V analysis and V-Q sensitivity are very similiar, the
required reactive power for the compensators can be determined by calculating QMs
of the buses through Q-V analysis. The diagonal elements of SVQ only provide the
information about V-Q sensitivity of each bus. The shortage of reactive power on a
specific area can also be directly assessed by Q-V analysis [96]. On the other hand,
modal analysis cannot identify individual voltage collapse modes; instead it provides
information regarding the combined effects of all modes of voltage-reactive power
variations [20, 82]. Besides, this approach doesn’t give satisfactory results in case J
Rd
is
not diagonal. Therefore, Q-V analysis is utilized in this thesis to determine the locations
and estimate the required capacity of compensation devices calculating QMs of the
candidate buses. The highlighted benefits of Q-V analysis will be verified in the following
sections through the simulations.
5.4. Static Voltage Stability within the Assumptionsbased on German Energy Transition Plan
There is a continuous increase in generation of electricity by DG based renewable energy.
As a result, the implementation of DGs, which are WFs in this thesis, is becoming more
important. These WFs are connected mainly in sub-transmission grids and they have
many advantages if operated properly within the grid requirements.
Since the amount of WFs is increasing drastically in the sub-transmission grids of Ger-
many, the capacity of conventional power plants is decreasing in the transmission grid
within GETP. Furthermore, the transition plans call for a shut-down of all nuclear power
plants in the near future. In this case, WFs in the sub-transmission grids are able to
supply reactive power within acceptable voltage limitations. In this thesis, the capability
curves in Fig. 5.5 are implemented into the WFs. With the implemented capability curves,
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WFs can supply not only active power but also maintain the reactive power balance of
sub-transmission grids for voltage regulation issues.
The IEEE 24 Bus RTS in Fig. 5.3 with the implementation of assumtions coming with
GETP as in Fig. 5.4 results in a generation shift from the transmission side to the sub-
transmission side. However, in order to find the optimal voltage range with minimum
transmission losses, optimization algorithms should be utilized. In this thesis, particle
swarm optimization (PSO) is applied to IEEE 24 RTS. The results of this section will be
evaluated to show the impact of energy transition actions on voltage stability in the
short-term time frame (transients) in the next chapter.
5.4.1. Q-V Curves in case of Different Rate of WPG
In order to show how Q-V curves change in case of different rate of WPG, the curves
of the candidate buses on the transmission side of IEEE 24 Bus RTS are generated for
P-Load in Fig. 5.9.
It can be seen from the Fig. 5.9 that the various rate of WPG has a impact on reactive
power characteristics of the power systems. Compared to the base case, namely the
case without GETP, the power system becomes more vulnerable against voltage changes
in case of different rate of WPG. In other words, the power system approaches a weaker
status in terms of voltage vs. reactive power. The summary of the results can be also
seen from Table 5.5 where best values are marked in bold except the base case.
In case of 100%WPG, the grid is exposed to the situation that the most of the generation
is accumulated on the sub-transmission side of IEEE 24 Bus RTS. In case of 50% WPG,
the generation, with the left-over conventional power plants on the transmission side,
the load demand can be compensated better than in 100% WPG case. In other words,
the optimal conditions of so-called energy transition in IEEE 24 Bus RTS are achieved at
50% WPG. This can be seen from QM values in Table 5.5 and Fig. 5.9 because QM values
of the buses are higher in case of 50% WPG compared to 20% WPG and 100% WPG
cases. When WPG is at 20% on the sub-transmission side, there is not enough reactive
power reserves on the transmission side to keep the bus voltages at the certain range.
For example, the generator at Bus 16 is set to 1.017 p.u. for the base case. It cannot stay
at this range but 1.005 p.u. due to the lack of reactive power on the transmission side.
It is deduced from Table 5.5 and Fig. 5.9 that energy transition is achieved optimally in
case of 50% WPG. Nevertheless, QM values of buses are higher in base case indicating
the least vulnerable scenario against voltage changes. It can be said for IEEE 24 Bus RTS
that the implementation of GETP brings the whole system closer to the instability in
general.
Q-V curves are also generated for the critical bus of the each situation to see the detailed
impact of WPG on QM of the IEEE 24 Bus RTS (see Fig. 5.10). As it is seen from this figure,
the critical bus becomes Bus 20 in case of 20% WPG.
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Table 5.5.: The Impact of Various WPG on Q-V Curves of the Candidate Buses.
QM in Mvar Bus 11 Bus 12 Bus 17 Bus 19 Bus 20 Bus 24
Base Case 644.09 569.16 724.45 758.08 733.37 456.36
20% WPG 266.56 272.50 236.20 210.33 201.15 250.58
50% WPG 511.59 531.70 367.11 353.45 348.61 341.40
100% WPG 410.26 429.45 303.68 295.99 297.50 271.40
5.4.2. Particle Swarm Optimization
This section presents the fundamentals of PSO based on [97]. PSO is widely used for
reactive power and voltage control as in [2, 98–101].
In this thesis, linearly decreasing PSO has been applied to the IEEE 24 RTS. PSO is a pop-
ulation based stochastic, heuristic optimization algorithm firstly introduced by Kennedy
and Eberhart [102] in a two-dimensional space. It is inspired of social behaviour of
swarm intelligence such as bird flocking and fish schooling. The position of each agent
(bird) is represented by its position and velocity. Modification of the agent’s position is
realized by the current position and velocity information
Agents in PSO optimizes a certain objective function. Each agent depending on the
personal experience knows its best value Pbest and its x-, y-position (Xi). Additionally,
each agent depending on the knowledge of the other agents also knows its best value
among the group Gbest. Each agent as in Fig. 5.11 tries to update its position using the
information of the current Xi, velocity Vi, Pbest and Gbest.
𝑋i
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Figure 5.11.: Concept of Modification of a Searching Point by PSO [97].
Vi is modified by the following equation where V
iter
i
is velocity of agent i at iter iteration,
w is the weighting function, c1 and c2 acceleration constants, rand is random number
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between 0 and 1, X
iter
i
is the current position, Pbest,i is Pbest of agent i and Gbest is the best
value of the group.
V
iter+1
i
= w · V iter
i
+ c1 · rand1 ·
(
Pbest,i − X iteri
)
+ c2 · rand2 ·
(
Gbest − X iteri
)
(5.15)
w is usually utilized as in Eq. 5.16 where wmax is the initial weight, wmin is the final weight
and itermax is maximum number of iterations. In most of the applications, wmax and wmin
are set 0.9 and 0.4, respectively.
w = wmax −
wmax − wmin
itermax
· iter (5.16)
Eventually, the current position of each agent is updated as in the following equation:
X
iter+1
i
= X
iter
i
+ V
iter+1
i
(5.17)
There will not be sufficient reactive power sources in transmission grids once many con-
ventional and all nuclear power plants are shut down. The reactive power requirements
of transmission grids cannot be provided by WFs on sub-transmission side because
reactive power exchange between transmission and sub-transmission sides causes
severe technical problems. Additionally, the transfer of reactive power over long dis-
tances results in high line losses. Therefore, the objective function of PSO in Eq. 5.18 is
arranged in a way to achieve minimum reactive power exchange between transmission
and sub-transmission grids.
Fobj = min
(
QCP + PLoss · cpenalty
)
(5.18)
where Fobj, QCP, PLoss and cpenalty are objective function, reactive power exchange between
transmission and sub-transmission grids, total transmission losses and arbitrary penalty
constant, respectively. The Fobj is realized within WF reactive power limits as illustrated
in Fig. 5.5 and bus voltages (uBus) between umin = 0.90 and umax = 1.10 p.u. as in Eq. 5.19.
The limitations on active and reactive power of a WF can be summarized as in Eq. 5.20
and Eq. 5.21, respectively.
umin ≤ uBus ≤ umax (5.19)
P
min
WF
≤ PWF ≤ PmaxWF (5.20)
Q
min
WF
≤ QWF ≤ QmaxWF (5.21)
As mentioned before, WPG is assumed to be i) 100%, ii) 50% and iii) 20% WPG for the
simulations. The implementation of PSO into IEEE 24 Bus RTS is illustrated in Fig. 5.12.
Additionally, the bus voltages and PLoss before and after PSO are summarized in Table 5.6.
In this table, the bus voltages for different rates of WPG are the same without PSO.
These voltage values are acquired from the load buses of the sub-transmission side of
IEEE 24 Bus RTS before the implementation of WFs within GETP.
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Table 5.6.: Summary of the Bus Voltages with/(out) PSO.
ubus in p.u.
without PSO with PSO
%100 WPG %50 WPG %20 WPG %100 WPG %50 WPG %20 WPG
u3 0.989 0.989 0.989 1.0237 1.0525 1.0440
u4 0.998 0.998 0.998 1.0808 1.0309 1.0285
u6 1.012 1.012 1.012 1.0217 1.0299 0.993
u8 0.993 0.993 0.993 1.0309 1.0275 1.0150
u9 1.001 1.001 1.001 1.0344 1.0392 1.0206
u10 1.028 1.028 1.028 1.0203 1.0271 1.0130
PLoss in MW 53.16 32.89 55.63 48.80 31.39 55.27
QCP in Mvar 108.25 124.28 120.21 23.53 12.51 58.68
The changes in QM for the buses after the implementation of PSO in IEEE 24 Bus RTS
are displayed in Table 5.7 where critical bus for each rate of WPG is marked in bold.
Table 5.7.: The Changes in QM of Load Buses after PSO in IEEE 24 Bus RTS.
Bus
Number
without PSO with PSO
%100 WPG %50 WPG %20 WPG %100 WPG %50 WPG %20 WPG
Bus 11 410.26 511.59 266.56 441.87 542.63 280.74
Bus 12 429.45 531.70 272.50 457.83 559.84 286.56
Bus 17 303.68 367.11 236.20 336.17 387.25 246.91
Bus 19 295.99 353.45 210.33 330.81 375.98 220.58
Bus 20 297.50 348.61 201.15 332.39 371.66 211.52
Bus 24 271.40 342.40 250.58 301.77 353.90 260.76
As explained in the previous section, some generators on the transmission side cannot
maintain the desired voltages unless there is an optimization algorithm. The voltage
is set at 1.017 p.u. for Bus 16 in IEEE 24 Bus RTS. In case of 20% WPG, u16 cannot be
maintained at its initial voltage but 1.005 p.u. due to reactive power scarcity. When PSO
is applied to the system, the grid is forced to reduce reactive power exchange between
transmission and sub-transmission sides. Therefore, both grids use its own reactive
power reserves to handle with its own voltage stability problems.
From Table 5.6, it can also be seen that, after the implementation of PSO, the reactive
power exchanges between transmission and sub-transmission side of IEEE 24 Bus RTS
considerably decrease in case of different WPG scenarios. Additionally, it can be seen
from Table 5.7 that there is an increase in QM of the critical bus (Bus 24) in case of 100%
and 50% WPG. The critical bus in case of 20% WPG is Bus 20. Nevertheless, the QM
values of all candidate buses are higher at 20% WPG with the implementation of PSO
than without PSO. These results indicate that the grid becomes more resistant against
voltage changes when PSO is applied to.
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Figure 5.12.: Implementation of PSO into IEEE 24 RTS.
5.5. Location of the Selected Compensators
There are many approaches in the literature to find optimal placement of the reactive
power sources by ranking the critical areas via i) modal analysis [35, 79, 84, 85], ii)
defining λ of the grids (P-V curves) [9], iii) calculating QMs of the buses (Q-V curves) [103],
iv) sensitivity analysis [66] and v) optimization algorithms [29, 77].
It is already indicated that Q-V analysis will be used in this thesis to define the location
of the compensators: critical buses. It is because Q-V analysis gives more reliable results
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compared to other approaches as proven in the previous sections.
In order to show the impact of locating a compensator suitably, 3 cases are analyzed
by putting a ±200 Mvar compensator (e.g. STATCOM) at i) the strongest bus (Bus 19) ii)
the weakest bus (Bus 24) of the base case and these cases are compared to iii) without
compensation situation. Before implementing the compensator, the bus voltages are
u24 = 0.978 p.u. and u19 = 1.022 p.u., respectively. The compensators are implemented
in a way to keep the uBus at 1 p.u. so that ∆u24 and ∆u19 are ±0.022 p.u. The results are
summarized in Table 5.8.
Table 5.8.: Impact of Locating the Selected Compensator on Q-V Curves.
QM in Mvar No Comp. Bus 24 Bus 19
Bus 11 644.09 693.64 670.81
Bus 12 569.16 601.17 596.82
Bus 17 724.45 821.31 811.60
Bus 19 758.08 848.94 595.69
Bus 20 733.37 801.16 861.04
Bus 24 456.36 507.56 459.70
Qcap in Mvar 0 55.76 140.02
PLoss in MW 51.25 50.77 51.90
As it is seen from the Table 5.8, the QMs of the candidate buses are prominently
improving in case the selected compensator is located at Bus 24, namely critical bus of
the base case. The best QM values are marked in bold in the related table. In case the
compensator is connected at Bus 24 rather than Bus 19, a compensator having a lower
reactive power capacity will be enough with less transmission losses leading to less
costs and space requirements. The location of the reactive power compensation devices
will be investigated for voltage stability in the short-term time frame in chapter 6.
5.6. Capacity of the Selected Compensators
Several works in the literature investigate the problem of optimal sizing of the com-
pensators by means of optimization techniques [31, 104, 105]. Since determination of
optimal sizing of the compensation devices is not main scope of this thesis, a simple
approach is utilized through Q-V analysis (modifying the approach in [8]). An ideal
reactive power source is connected to Bus 24 (critical bus of the base case) of IEEE 24
Bus RTS and its reactive power is increased until:
i) Bus 24 is not the weakest bus anymore. In this case, the difference in QMs between
Bus 24 and the second weakest bus, Bus 12 is considered as the minimum required
amount of reactive power.
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The analysis to see the impact of different compensation devices on static voltage
stability when Qcap = ±300 Mvar, the results are given in Table 5.11.
Table 5.11.: QM values in Mvar of Bus 24 in IEEE 24 Bus RTS for P-Load with the Compensation Devices,
Qcap = ±300 Mvar.
Bus Name No Comp. FC SVC STATCOM SC SSSC UPFC
Bus 24 456.36 574.35 574.35 677.18 677.18 504.77 573.68
It can be deduced from the figures and tables presented in this section, the STATCOM
and SC behave identically and are superior to the rest in terms of voltage stability in the
long-term time frame. They enhance the QMs of Bus 24 by 21.05% for Qcap = ±112 Mvar
and 48.37% for Qcap = ±300 Mvar compared to base case (No Comp.). The FC and SVC
behave identically too. When the SVC control switches off the reactor and all available
TSC/FC branches are switched in, its reactive power output declines to the square of
the voltage as well as FC compared to the proportional decline of STATCOM/SC. It can
be observed from Table 5.10 and Table 5.11 that an increase in Qcap enhances QMs of
the candidate buses with one exception, SSSC. Since it is a series connected device,
its reactive power generation depends on power transfer capability of the OHL where
SSSC is connected in series. Therefore QM of the candidate buses increase up to a
certain level and afterwards it doesn’t change. From the calculations, it is observed that
Qcap = 65.33 Mvar is enough for SSSC. In addition to the mentioned results, UPFC gives
the second best results in improving QMs after STATCOM/SC.
It can be concluded that the QMs of all buses are improved in general when the com-
pensation is included in the calculations (it is up to a certain level for SSSC). Considering
that fact, one can conclude that for the compensation devices such as SC and STATCOM,
less reactive power capacity will be enough to improve voltage stability of the power
systems compared to rest.
Summary of the Chapter
In this chapter of the thesis, static voltage stability phenomena is investigated. IEEE 24
Bus RTS is introduced as the examined power system. The analysis of some factors
influencing the voltage stability is carried out. These factors can be listed as:
• Load characteristics
• Loading and generation situation of the grid (e.g. energy transition actions)
• Implementation of an optimization algorithm, PSO
• Location and capacity of the selected compensation devices
• Contingency severity of OHLs
• Compensation device characteristics
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In this thesis, Q-V method is selected to define the critical bus of the IEEE 24 Bus RTS
for the base. The critical bus, Bus 24, is used to locate the compensators. However,
it should be kept in mind that, the critical bus can change depending on loading or
generation situation of the grids (see the impact of GETP in the previous sections). In
order to define the required amount of capacity, Q-V analysis used again to determine
minimum and maximum required amount of reactive power. The suitability of the
selected capacity will be investigated for the voltage stability analysis in the short-term
time frame in chapter 6.
The impact of the assumptions on IEEE 24 Bus WPG within GETP is investigated in
this chapter too. Depending on WPG rate, voltage stability can get either worse or
better. However, the power system becomes closer to instability compared to base case
(QMs of the candidate buses are decreasing) when the modifications under GETP are
implemented. Nevertheless, the optimal conditions for IEEE 24 Bus RTS within GETP are
acquired in case of 50% WPG excluding the base case. With the implementation of PSO,
the QM values can be increased considerably without the help of any additional com-
pensation devices. The investigation on how energy transition actions affect transient
calculations will be carried out in the following chapter.
An analysis considering the separation of each OHL is carried out to see the impact of
the contingencies on QM values of Bus 24. The severity ranking of the contingencies are
recorded to be used in transient calculations later on to define the transient events.
The impact of the selected compensation devices including FC, SVC, SC, STATCOM, SSSC
and UPFC on the enhancement of static voltage stability is analyzed. This analysis is
compared to the case having no compensation (base case). SC and STATCOM show
superior and identical performance compared to the rest. However, important perfor-
mance comparison of different compensation devices will be carried out after the grid
is subjected to a transient event.
All carried out analyses within static voltage stability are crucial to have an overview the
affecting factors that might be pronounced in time-domain calculations.
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6. Voltage Stability in the Short-TermTime Frame: Transients
It is already explained in the previous chapter that voltage stability is concerned with the
ability of a power system to maintain acceptable voltage at all buses in a power system
under normal or abnormal conditions [20, 106]. Dynamic voltage control in power
transmission systems is governed by the phenomenon of transient voltage stability.
Such a transient phenomenon is distinguished from the classical forms of static voltage
stability where the tap changers, generator and static load (STA-Load) characteristics are
predominant. However, transient voltage stability is well-known to be driven by dynamic
loads (DYN-Load) such as induction motors. It is also associated with fast acting power
electronic devices, namely FACTS [107].
Dynamic voltage control at the transmission level is currently being managed by con-
ventional power plants: synchronous generator based dynamic reactive power support.
The generation is being shifted to sub-transmission level from transmission as a result
of decomissioning the conventional power plants within GETP. The integration of the
large-scale WFs into sub-transmission power systems will cause technical challenges
due to their intermittent characteristics. In order to ensure stable and secure operation
of both transmission and highly wind integrated sub-transmission grids, the control of
reactive power compensation devices to strengthen the transient voltage stability are
needed to be analyzed [34].
In this thesis, the impact of the selected reactive power compensation devices on voltage
control and transient voltage stability is assessed after being subjected to a fault or
switching operation. First of all, the selected compensation technologies are integrated
into IEEE 24 Bus RTS of "Base Case" by highlighting the importance of transient voltage
support on transmission side. Then, the effect of reactive power compensation is
analyzed on transmission side of the same grid, when large scale WFs are integrated
into sub-transmission side as a result of so-called GETP.
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as well as in the long-term time frame. With the separation of Line 15-24, TVSR gets
the highest value with the biggest voltage drop. Besides, it stays shorter within ±10%
nominal voltage range (see t10 values). On contrary, the separation of Line 20-23 has the
least impact on voltage stability in the short-term time frame in terms of damping the
transients in the voltage. The separation of Line 11-14 results in least voltage drops.
The results achieved in this section will be utilized to define the scenarios for the
transient events in the later sections. The 3-phase short circuit scenarios are realized
on Line 15-21 whose separation causes still a considerably high severity but not as
extreme as Line 15-24. In order to define some extreme scenarios resulting in voltage
collapses, 3-phase short circuit events will be realized on Line 14-16 in this thesis. The
reason why the most critical contingency is not chosen that SSSC and the series part
of UPFC are connected to Bus 24. In case the Line 15-24 is separated as a result of a
switching operation, the performance analysis for SSSC and series part of UPFC cannot
be investigated. Therefore, the second most critical line contingency case is picked for
the extreme scenario for this thesis, namely separation of Line 14-16.
Table 6.1.: The Impact of Line Separation on Voltage Recovery at Bus 24 after a 3 Phase Short Circuit.
Line from Bus - to Bus TVSR ∆u in p.u. t10 in s
Line 11-14 0.0127 0.203 2.776
Line 14-16 0.0348 0.326 2.731
Line 15-16 0.0206 0.668 2.601
Line 15-21 0.0127 0.462 2.701Line 15-24 0.1227 0.867 0
Line 20-23 0.0096 0.207 2.736
6.3. Dynamic Load Modelling for the Transient Events
Voltage stability in the short-term time frame is influenced by the dynamic behaviour of
electrical loads [14]. It is stated in [15] that “the driving force for voltage instability is
usually the loads; in response to a disturbance, power consumed by the loads tends
to be restored by the action of motor slip adjustment, distribution voltage regulators,
tap-changing transformers, and thermostats.” Considering these facts, the composition
of electrical loads is important part of voltage stability studies [108]. Different load
aspects may have a significant influence on the system response to disturbances [109].
The commonly used dynamic loads are generally grid connected induction machines
that are operated as motors. They should be represented by suitable models [14, 110].
The importance of dynamic behavior of loads to voltage stability after disturbances can
be explained by a typical torque - speed and current – speed characteristic of a generic
induction machine. Following a large disturbance, the induction motors decelerate
dramatically by the voltage dip or may even stall if the electrical torque cannot deal
with the mechanical load. This in turn draws very high reactive power currents that
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affects adversely voltage magnitudes. As a consequence, unacceptable transients in
the bus voltages may occur [111]. The voltage drops to "0" when there is a three-phase
short circuit on the machine bus. The electrical torque of the machine becomes "0"
immediately. According to Fig. 6.5, the rotational speed of the machine declines. The
curves in Fig. 6.5 are only applied when the voltage is constant.
In Fig. 6.5, τE and τM represent the electrical and mechanical torques, respectively. The
rotating mass of the machine delays the deceleration through its inertia H. Once the
fault is cleared and the voltage recovers partially, the motor will re-accelerate if the
electrical torque τE is higher than the mechanical torque τM (see Eq. 6.5). If not, the
motor stalls and will run down [14, 15]. The curve in Fig. 6.5 is applied to constant
voltage. In case of a voltage drop, the current becomes even higher.
Figure 6.5.: General Torque - Speed and Current - Speed Characteristics of an Induction Machine.
2H
dω
dt
= τE − τM (6.5)
Table 6.2.: Selected Parameters of an Induction Machine for the Modelling of Dynamic Loads.
Parameters Values in p.u.
rs, stator resistance 0.035
xs,0, stator reactance 0.094
xM, mag. reactance 2.8
rR, rotor resistance 0.048
H, acceleration time cons. 0.93 s
LF , power factor 0.60
The induction machines have a substantial influence on fast voltage collapse and slow
voltage recovery problems of power systems as it explained previously. The dynamic
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response after being subjected to voltage deviations has to be carefully reconstructed
through advanced machine models. It is possible to implement an induction machine in
PowerFactory through the "ElmAsm" block. The required parameters and settings are
available as described in the documentation [112]. In accordance with [110], a set of
parameters for a single-cage induction machine is chosen. The nominal power factor
for steady-state operation is 0.95 inductive.
6.4. Impact of Dynamic and Static Load Composition onVoltage Stability
The loads are composed of static (STA-Load) and dynamic (DYN-Load) portions in power
grids. The static part only responds to voltage deviations while the dynamic part is
modelled as a rotating machine, including the response to frequency deviations. The
dynamic and static portions of the loads are calculated using the equations below where
Ptot, Qtot, kdyn and ksta represent total active, reactive load demands, dynamic and static
coefficients, respectively. Additionally, Pdyn, Qdyn, Psta and Qsta are dynamic and static
portions of active and reactive power of the total load demand.
Ptot = kdynPdyn + kstaPsta (6.6)
Qtot = kdynQdyn + kstaQsta (6.7)
kdyn + ksta = 1 (6.8)
The impact of load composition on the Bus 24 voltage in the short-term time frame
is displayed in Fig. 6.6 based on Eq. 6.6, Eq. 6.7 and Eq. 6.8. The load composition is
formulated depending on kdyn and ksta as in Table 6.3. The results including comparison
metrics are summarized in the same table where the worst case is marked in bold.
Table 6.3.: The Values of Comparison Metrics for Bus 24 in case of Various Load Composition after a
3-Phase Short Circuit.
Case Name kdyn ksta TVSR ∆u in p.u. t10 in s
C1: 80STA-20DYN 0.2 0.8 0.0068 0.458 2.560
C2: 60STA-40DYN 0.4 0.6 0.0072 0.460 2.544
C3: 50STA-50DYN 0.5 0.5 0.0074 0.462 1.738
C4: 40STA-60DYN 0.6 0.4 0.0077 0.463 2.528C5: 20STA-80DYN 0.8 0.2 0.0082 0.465 1.703
Induction machines need more reactive power after a fault in order to re-accelerate.
From Fig. 6.6, it can be seen that the voltage at Bus 24 requires more time to return to its
uref in case of C5:20STA-80DYN. As a result, when the share of dynamic loads decreases
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Apart from the extreme event, te is set to 3 s. For the extreme event, te =5 s in order to
show the stalling of asynchronous machines (ASM). The simulated signals are filtered
because the signals are distorted by noise in the first micro-seconds after the system
changes (see Appendix E).
6.6. Implementation of the Compensators
In this part of the thesis, the influence of FC, SVC, STATCOM, SC, UPFC and SSSC in
damping transients in the bus voltages will be analyzed for the EMT simulations through
DIgSILENT PowerFactory.
The circuit diagrams and the control schemes of the selected compensation devices
are given in chapter 3. The implementation of the frames into PowerFactory regarding
the used compensators are explained in chapter 4. Therefore, in this part of the thesis,
no further information will be given but the simulation results of the implemented
compensators into IEEE 24 Bus RTS with regard to the investigated scenarios for the
transient events.
6.6.1. Optimization of the Compensator Control Parameters
The tuning of the controllers is a challenge for researchers and plant operators. Various
controller tuning methodologies have been proposed in the literature such as auto-
tuning, self-tuning, pattern recognition, artificial intelligence, and optimization methods
[113]. In the literature, it is also underlined that the tuning process of controller parame-
ters should be carried out in a way to meet the needs of the system.
In this thesis, a tuning method for determining the parameters of the controllers in
reactive power compensation devices that gives minimum TVSR values for the transient
events is implemented. For this purpose, a simple step-wise approach as in Fig. 6.7 is
proposed where "A" represents all related parameters in a controller such as gains (K ),
time constants (T ), droop and so on.
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Figure 6.7.: The Step-wise Tuning Approach for Tuning Controllers in Reactive Power Compensation
Devices.
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In reality, TSOs cannot predict the location and the severity of the grid faults. Even
though optimization algorithms are supposed to improve the performance of the com-
pensation devices for recovering bus voltages, the location and the severity of these
faults influence the optimal controller parameters given by the smallest TVSR values. It
is one of the biggest challenges of the optimization algorithms to tune controller param-
eters considering various possible grid disturbances. Therefore, a detailed investigation
of the grid is very crucial. In Fig. 6.8, the investigation introduced in section 6.2 is applied
to the IEEE 24 Bus RTS. Orange lines and green lines represent higher and lower TVSR
values compared to the selected case, respectively. Considering this figure, TSOs can
apply the optimized controller parameters for faults that occur on green lines.
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Figure 6.8.: The TVSR Values in case of a 3-Phase Short Circuit compared to the Selected Case.
In order to start the algorithm, the values of the parameters in the literature are taken
as initial values [49, 63, 72, 73]. Then in the first iteration, the initial value of A is in-
creased and decreased by ∆x to see whether this change in TVSR has "Increasing Trend"
or "Decreasing Trend". After selecting the trend in the first iteration, the flow-chart
regarding selected trend is followed to determine the parameters of the controllers for
SVC, STATCOM, SSSC and UPFC within the limitations given in the previously mentioned
references. When the parameters giving the smallest TVSR values are found, the iteration
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is terminated and the last values are recorded. However, there are a lot of controller
parameters are given in the literature for SC excitation control (IEEE DC 2A) [69, 74,
114–116]. Therefore, the proposed optimization algorithm is not implemented for this
controller, instead the parameters giving the smallest TVSR is used for the transient
events.
The reason to implement such an optimization algorithm is to create more realistic
ground to compare different reactive power compensation devices when the grid is
subjected to a fault or switching operation. The optimized system-specific parameters
for the controller of each reactive power compensation device are given in the following
tables within defined transient events. Those parameters are defined considering the
limitations in the controllers that are given in the literature. They are bmin = 0 and
bmax = 1 p.u. for SVC; imin = −1 and imax = 1 p.u. for STATCOM and shunt part of UPFC;
md,min = −0.3, md,max = 0.8, mq,min = −0.3 and mq,max = 0.5 p.u. in for SSSC and series
part of UPFC; id,min = −99, id,max = 99, iq,min = −99 and iq,max = 99 p.u. for SSSC.
Table 6.4.: The Optimized System-Specific Parameters for the Controller of SVC.
Scenario
Qcap
in Mvar
KP
in p.u.
KI
in p.u.
KSL
in p.u.
Tm
in s
To
in s
ShortC01-LineS02
112 0 500 0 0.01 0
300 0 300 0 0.01 0
ShortC01-LineS05
112 0 300 0 0.01 0
300 0 300 0 0.01 0
Switch-Load
112 0 200 0 0.01 0
300 0 80 0 0.01 0
Extreme 300 0 300 0 0.01 0
Table 6.5.: The Optimized System-Specific Parameters for the Voltage Controller of STATCOM.
Scenario
Qcap
in Mvar
KDC
in p.u.
TDC
in s
KAC
in p.u.
TAC
in s
KSL
in p.u.
Tm,DC
in s
Tm,AC
in s
ShortC01-LineS02
112 2 0.01 300 0.0125 0 0.01 0.02
300 2 0.01 80 0.0125 0 0.01 0.012
ShortC01-LineS05
112 2 0.01 125 0.0125 0 0.01 0.01
300 2 0.01 50 0.05 0 0.01 0.01
Switch-Load
112 2 0.01 25 0.0125 0 0.01 0.02
300 2 0.01 50 0.025 0 0.01 0.02
Extreme 300 2 0.01 50 0.05 0 0.01 0.01
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Table 6.6.: The Optimized System-Specific Parameters for the Current Controller of STATCOM.
Scenario
Qcap
in Mvar
Kd
in p.u.
Td
in s
Kq
in p.u.
Tq
in s
ShortC01-LineS02
112 0.704 0.006 0.176 0.05
300 5.632 0.001 0.352 0.05
ShortC01-LineS05
112 0.704 0.0125 0.176 0.075
300 0.704 0.0125 0.264 0.4
Switch-Load
112 0.176 0.025 0.264 0.1
300 0.176 0.05 0.176 0.1
Extreme 300 0.704 0.0125 0.264 0.2
Table 6.7.: The Optimized System-Specific Parameters for the Current Controller of SSSC.
Scenario
Qcap
in Mvar
Ti
in s
Kd
in p.u.
Td
in s
Kq
in p.u.
Tq
in s
ShortC01-LineS02
112 0.01 0.05 0.17 0.05 0.17
300 0.01 0.05 0.17 0.05 0.17
ShortC01-LineS05
112 0.01 0.4 0.025 0.1 0.0125
300 0.01 0.4 0.025 0.1 0.0125
Switch-Load
112 0.01 0.01 1.36 120 0.17
300 0.01 0.01 1.36 120 0.17
Extreme 300 0.01 0.01 0.34 40 0.34
Table 6.8.: The Optimized System-Specific Parameters for the Voltage Controller of Shunt Part of UPFC.
Scenario
Qcap
in Mvar
KDC
in p.u.
TDC
in s
KAC
in p.u.
TAC
in s
KSL
in p.u.
Tm,DC
in s
Tm,AC
in s
ShortC01-LineS02
112 2 0.01 300 0.025 0 0.01 0.01
300 2 0.01 120 0.025 0 0.01 0.01
ShortC01-LineS05
112 2 0.01 150 0.025 0 0.01 0.01
300 2 0.01 100 0.025 0 0.01 0.01
Switch-Load
112 2 0.01 10 0.025 0 0.01 0.01
300 2 0.01 160 0.025 0 0.01 0.01
Extreme 300 2 0.01 10 0.025 0 0.01 0.01
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Table 6.9.: The Optimized System-Specific Parameters for the Current Controller of Shunt Part of UPFC.
Scenario
Qcap
in Mvar
Kd
in p.u.
Td
in s
Kq
in p.u.
Tq
in s
ShortC01-LineS02
112 0.352 0.025 0.132 0.025
300 1.408 0.0125 0.176 0.05
ShortC01-LineS05
112 0.704 0.025 0.11 0.1
300 1.408 0.0125 0.176 0.05
Switch-Load
112 0.352 0.025 0.088 0.2
300 0.352 0.05 1.408 0.1
Extreme 300 0.704 0.025 0.264 0.2
Table 6.10.: The Optimized System-Specific Parameters for the Current Controller of Series Part of UPFC.
Scenario
Qcap
in Mvar
Ti
in s
Kd
in p.u.
Td
in s
Kq
in p.u.
Tq
in s
ShortC01-LineS02
112 0.01 0.1 0.085 0.1 0.34
300 0.01 0.1 0.043 0.1 0.064
ShortC01-LineS05
112 0.01 0.1 0.17 0.1 0.17
300 0.01 0.1 0.085 0.2 0.68
Switch-Load
112 0.01 0.1 0.34 0.05 1.36
300 0.01 0.2 0.34 0.025 0.34
Extreme 300 0.01 0.1 0.17 0.1 0.17
Table 6.11.: The Optimized System-Specific Parameters for the PQ Controller of Series Part of UPFC.
Scenario
Qcap
in Mvar
Ti
in s
KP
in p.u.
TP
in s
KQ
in p.u.
TQ
in s
ShortC01-LineS02
112 0.01 5 0.05 10 0.1
300 0.02 40 0.05 20 0.05
ShortC01-LineS05
112 0.01 20 0.05 5 0.1
300 0.01 20 0.05 20 0.1
Switch-Load
112 0.01 40 0.05 20 0.1
300 0.01 5 0.1 10 0.05
Extreme 300 0.01 20 0.05 20 0.1
The parameters of the SC excitation controller are given in Table 6.12 based on the
values in different references. These parameters therefore categorized by the reference
number (Ref-Nr.) in Table 6.12. Then these parameters are applied to defined transient
events to see what parameters fit which transient events the best. The minimum TVSR
values according to Ref-Nr. and the defined transient events are given in Table 6.13 for
Qcap = ± 112 Mvar and in Table 6.14 for Qcap = ± 300 Mvar. The best Ref-Nr. option that
92
gives the lowest TVSR value is marked in bold and the related excitation parameters in
Table 6.12 are used for the defined transient events.
From Table 6.13 and Table 6.14, REF-3, REF-2 and REF-1 indicate the lowest TSVR values
for the scenarios of ShortC01-LineS02, ShortC01-LineS02 and Switch-Load respectively.
Additionally, the excitation parameters in REF-1 give the lowest TVSR values for the event
of "Extreme". Therefore, the parameters in these references with regard to minimum
TVSR values are implemented to SC-IEEE DC2A excitation control throughout this thesis.
Table 6.12.: IEEE DC2A Excitation Control Parameters for SC [69, 74, 114–116].
Parameter REF-1 REF-2 REF-3 REF-4 REF-5 REF-6 REF-7 REF-8
KA 300 300 10.01 80 200 50 25 400
TA 0.001 0.01 0.06 0.02 0.03 0.06 0.2 0.05
KE 0 1 1 1 1 -0.0465 -0.0582 -0.170
TE 0.001 1.33 0.08 0.2 0.2 0.52 0.654 0.95
KF 0.001 0.02 0.11 0.03 0.05 0.0832 0.105 0.04
TF 0.1 0.675 1 1.49 1.5 1 0.350 1
E1 3.05 3.05 2.47 4 3.90 3.24 2.579 6.375
Se1 0.279 0.279 0.035 0.4 0.1 0.072 0.089 0.2174
E2 2.29 2.29 3.5 5 5.2 4.32 3.44 8.5
Se2 0.117 0.117 0.5 0.5 0.5 0.282 0.347 0.939
uRmin -6 -4.90 -9.99 -3.6 -10 -1 -1 -6.63
uRmax 6 4.95 9.99 9.9 10 1 1 6.63
Table 6.13.: TVSR Values based on the Parameters in the Literature when Qcap = ±112 Mvar.
Scenario REF-1 REF-2 REF-3 REF-4 REF-5 REF-6 REF-7 REF-8
ShortC01-LineS02 0.0142 0.0113 0.0112 0.0117 0.0114 0.0113 0.0112 0.0119
ShortC01-LineS05 0.0394 0.0359 0.0360 0.0375 0.0395 0.0367 0.0363 0.0423
Switch-Load 0.0099 0.0271 0.0310 0.0239 0.0254 0.0276 0.0301 0.0220
Table 6.14.: TVSR Values based on the Parameters in the Literature when Qcap = ±300 Mvar.
Scenario REF-1 REF-2 REF-3 REF-4 REF-5 REF-6 REF-7 REF-8
ShortC01-LineS02 0.0119 0.0099 0.0097 0.0115 0.0107 0.0100 0.0108 0.0111
ShortC01-LineS05 0.0183 0.0172 0.0175 0.0202 0.0192 0.0189 0.0187 0.0245
Switch-Load 0.0040 0.0138 0.0262 0.0163 0.0181 0.0209 0.0249 0.014
Extreme 0.0330 0.0699 0.0990 0.0429 0.0567 0.0700 0.0840 0.0332
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6.6.2. Assessment of the Compensator Location
In the previous chapter, the impact of location of the selected compensator on voltage
stability in the long-term time frame is investigated. It is shown that locating the reactive
power compensation device at a bus that has the smallest QM (critical bus) enhanced
the voltage stability considerably.
In this part of this thesis, the impact of the different locations of the selected compen-
sator on voltage stability in the short-term time frame will be analyzed. In order to do
that, the selected compensation device is connected to each candidate bus (PQ bus)
on the transmission side of IEEE 24 Bus RTS. The capacity of the selected compensator
is ± 112 Mvar as determined in the previous chapter. The results are summarized in
Table 6.15 where the best TVSRs are marked in bold.
The severity of the transients in bus voltages might be different than each other when
a power system is subjected to a grid fault or switching operation depending on the
location and capacity of the compensator. In order to show the overall impact of the
location of a compensator at a certain bus, an average transient voltage severity ratio
(ATVSR) is defined as below:
ATVSR =
1
nBus
nBus∑
i=1
TVSRi (6.9)
Considering Eq. 6.9, the summary of the results are given in Table 6.16.
Table 6.15.: The Impact of Locating the Selected Compensator on TVSR Values.
Location of the Compensator
TVSR Bus 11 Bus 12 Bus 17 Bus 19 Bus 20 Bus 24
Bus 11 0.0051 0.0055 0.0051 0.0053 0.0054 0.0055
Bus 12 0.0047 0.0045 0.0045 0.0045 0.0046 0.0048
Bus 17 0.0060 0.0060 0.0056 0.0058 0.0056 0.0060
Bus 19 0.0054 0.0054 0.0051 0.0057 0.0051 0.0054
Bus 20 0.0046 0.0046 0.0044 0.0047 0.0044 0.0047
Bus 24 0.0074 0.0074 0.0069 0.0070 0.0072 0.0065
uref in p.u. 1 1 1.028 1.005 1.027 1
When individual TVSR values are taken into consideration, Bus 17 seems to be the
suitable location for the selected compensator (see Table 6.15). However, when the
compensator having Qcap = ± 112 Mvar is not enough to make uref= 1 p.u. but 1.028 p.u.
showing that more reactive power is required. From the simulations, the compensator
should absorb 318.80 Mvar at Bus 17 in order to get uref= 1 p.u. It is almost 3 times
bigger than the 112 Mvar. Similiar results are obtained in case the compensator is
located at Bus 19 or Bus 20. The required compensator capacities should be higher
than ± 112 Mvar: the compensator should absorb 140 Mvar when it is located at Bus
19 and 240.62 Mvar at Bus 20. Considering these facts, it is neither reasonable nor
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economical to locate these compensators at these locations. Therefore, the ATVSR values
as a result of locating the compensator at Bus 17, Bus 19 and Bus 20 are eliminated
from Table 6.16 where best ATVSR value is marked in bold. From this table it can be seen
that Bus 24 is reasonable to locate the compensators to enhance the voltage stability in
the short-term time frame.
Table 6.16.: The ATVSR Value of Each Candidate Bus in IEEE 24 Bus RTS.
Location Bus 11 Bus 12 Bus 17 Bus 19 Bus 20 Bus 24
ATVSR 0.00553 0.00557 - - - 0.00548
6.7. The Simulations of the Investigated Scenarios forthe Base Case
6.7.1. Short Circuit Event
Since the scenarios for the transient events are already introduced in section 6.5, no
further explanations will be given in the rest of this thesis.
Table 6.17.: The Comparison Indices of Shunt Connected Compensation Devices having Qcap = ±112 Mvar
after ShortC01-LineS02.
ShortC01-LineS02
Qcap = ±112 Mvar
Base Case FC SVC SC STATCOM SSSC UPFC
TVSR 0.0127 0.0139 0.0058 0.0112 0.0048 0.0126 0.0037
∆u in p.u. 0.4614 0.4958 0.4609 0.4071 0.4373 0.4600 0.3996
t10 in s 2.6004 2.7524 2.7577 2.7403 2.7618 2.7381 2.7770
Table 6.18.: The Comparison Indices of Shunt Connected Compensation Devices having Qcap = ±300 Mvar
after ShortC01-LineS02.
ShortC01-LineS02
Qcap = ±300 Mvar
Base Case FC SVC SC STATCOM SSSC UPFC
TVSR 0.0127 0.0172 0.0047 0.0097 0.0012 0.0126 0.0013
∆u in p.u. 0.4614 0.5860 0.4013 0.3555 0.3484 0.4600 0.3357
t10 in s 2.7004 0.1278 2.783 2.7554 2.7904 2.7381 2.7908
The voltage magnitudes at Bus 24 during ShortC01-LineS02 event for Qcap = ± 112 Mvar
and ±300 Mvar are displayed in Fig. 6.9 and Fig. 6.10 with the inclusion of different com-
pensation devices such as FC, SVC, SC, STATCOM, SSSC and UPFC, separately. Besides,
the similar graphs are created in Fig. 6.11 and Fig. 6.12 for both determined capacities
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The reactive power supply of the analyzed shunt compensation devices during the event
of ShortC01-LineS05 for Qcap = ±112 Mvar and Qcap = ±300 Mvar are shown in Fig. 6.16
and Fig. 6.17, respectively. From Fig. 6.16, it can be observed that STATCOM, UPFC and
SVC inject a considerable amount of reactive power into the transmission grid during
and after the short circuit. Therefore, they show better performances to bring the bus
voltages to their initial values and damp the voltage transients as efficient as possible.
SC provides most of its reactive power only during the fault causing relatively low voltage
drops. The reactive power output of FC is changing uncontrollably.
When the reactive power output of series reactive power compensation devices for the
event of ShortC01-LineS05 as in Fig. 6.18 are considered, it can be seen that the series
part of UPFC injects more reactive power to the transmission grid again than SSSC. The
change in Qcap when SSSC is chosen as the compensation device, doesn’t cause any
difference in reactive power injection. However, the series part of UPFC supplies more
reactive power when its Qcap is increased.
6.7.2. Switch-Load Event
The voltage at Bus 24 including the selected compensators is depicted in Fig. 6.19 and
Fig. 6.21 for the Qcap values of ±112 Mvar and ± 300 Mvar, respectively. The summary
of the results are given in Table 6.21 and Table 6.22. The reactive power outputs of
the shunt connected compensators are shown in Fig. 6.20 and Fig. 6.22 depending
on the changes in the voltage at Bus 24 for both selected capacities. Moreover, the
reactive power outputs of the series connected devices are given in Fig. 6.23 depending
on reactive power flows on the Line 15-24 where series compensation devices are
connected.
Table 6.21.: The Comparison Indices of Shunt Connected Compensation Devices having Qcap = ±112 Mvar
after Switch-Load.
Switch-Load
Qcap = ±112 Mvar
Base Case FC SVC SC STATCOM SSSC UPFC
TVSR 0.0350 0.0361 0.0067 0.0102 0.0084 0.0232 0.0061
∆u in p.u. 0.0418 0.0459 0.0270 0.0229 0.0203 0.0287 0.0276
t10 in s 2.9 2.9 2.9 2.9 2.9 2.9 2.9
From Table 6.21 and Fig. 6.19, one can see that the minimum TVSR value for the event of
"Switch-Load" is achieved by UPFC followed by SVC and STATCOM. It is the first transient
event so far where STATCOM shows worse performance than SVC. From Fig. 6.20, it
can be observed that SVC injects relatively more reactive power during the whole tran-
sient event. The least voltage drop is achived by STATCOM because STATCOM injects
maximum amount of its reactive power in the moment of the switching operation
(see Fig. 6.20). The voltage stays within acceptable limitations until the end of te in
case of any compensation device including the base case itself. Nevertheless, it can
be deduced from Fig. 6.19, the selected capacities of the investigated compensation
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6.8. The Impact of Energy Transition on VoltageStability in the Short-Term Time Frame
The modification on IEEE 24 Bus RTS with regard to so-called GETP is given in chapter 5
in detail. Additionally, the impact of various rating of WPG on stationary voltage stability
is investigated. Therefore, in this section of this thesis, the impact of different rates of
WPG on the voltage stability in the short-term time frame will be investigated rather
than the performance of selected compensation devices. The assumptions considered
for the implementations are listed below:
• The cases having 100%, 50% and 20% WPG are used for the simulations of the
transient events as well as the static analyses.
• The wind turbines with a simple voltage controller (PI Controller) and a static
generator to keep the active power generation fixed are implemented into the
sub-transmission side of IEEE 24 Bus RTS. The limitations of WFs are already given
in the previous chapter (see Fig. 5.5). The validity of these limits are evaluated in
case the grid is subjected to a short circuit.
• The transient event of "ShortC01-LineS02" is selected for the simulations.
• The transient analyses are carried out considering the acquired voltages before
and after PSO (see Table 5.6 in chapter 5).
• The load composition of C3:50STA-50DYN is chosen for the calculations.
The TVSR values of each candidate bus on the transmission side of IEEE 24 Bus RTS are
given in Table 6.24 after subjected to ShortC01-LineS02 and under different rates of
WPG. The table is mainly divided into 3 parts: i) Base Case and ii) without PSO and iii)
with PSO.
If the TVSR values for 100% WPG in Table 6.24 are considered, it can be seen that these
values for Bus 11 and Bus 12 are the same with or without PSO. TVSR values of Bus 17,
Bus 19 and Bus 20 for the same case are better without PSO but TVSR value of Bus 24 is
better with PSO (marked in bold only for 100% WPG). Similiar results can be obtained
for different buses in case of different rate of WPG and with or without PSO. This shows
that for the transient events, the individual performance of the controllers, which is a
voltage controller in this case, influences local reactive power-voltage regulation matters
rather than having a general impact on the whole grid.
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Table 6.24.: The TVSR values of the Buses on the Transmission Side of IEEE 24 Bus RTS in case of Various
Rate of WPG within GETP after ShortC01-LineS02.
Bus
Number
Base
Case
without PSO with PSO
100% WPG 50% WPG 20% WPG 100% WPG 50% WPG 20% WPG
Bus 11 0.0056 0.0037 0.0074 0.0276 0.0037 0.0076 0.0275
Bus 12 0.0049 0.0032 0.0072 0.0288 0.0032 0.0073 0.0049
Bus 17 0.0060 0.0085 0.0100 0.0196 0.0087 0.0104 0.0060
Bus 19 0.0055 0.0066 0.0100 0.0272 0.0068 0.0105 0.0055
Bus 20 0.0047 0.0058 0.0101 0.0312 0.0059 0.0106 0.0047
Bus 24 0.0074 0.0063 0.0071 0.0159 0.0062 0.0069 0.0074
Table 6.25.: The ATVSR Value of Each Candidate Bus in IEEE 24 Bus RTS after GETP.
Cases: Base Case 100% WPG 50% WPG 20% WPG
ATVSR 0.00568 0.00568 0.00863 0.02505
Considering the fact that the objective of PSO is established in a way to minimize total
reactive power exports between sub-transmission and transmission grid, this optimiza-
tion approach can be used for the long-term time frame voltage stability rather than the
short-term time frame. From Table 6.24, it can be also observed that with a decrease
in WPG, TVSR values of candidate buses on the transmission side of IEEE 24 Bus RTS
increase indicating that the voltage recovery speed decreases . This shows the impor-
tance of the active power balance to keep the grid voltage stable as well as the reactive
power. Unfortunately, active power regulation issues are not the scope of this thesis.
From Table 6.25, it can be seen that the voltage stability of the transmission grid in
the short-term time frame with the implementation of energy transition actions are
mitigating except the case of 100% WPG.
Finally, reactive power generation from each WF on the sub-transmission side of IEEE
24 Bus RTS in case of different rates of WPG with/without PSO after ShortC02-LineS02
is displayed in Fig. 6.27. In this figure, the lines on 116.85 Mvar and -136.85 Mvar
represent the steady-state grid code reactive power requirements for wind farms in
some European countries [88, 89] (0.41 p.u. (ind.) and 0.48 p.u. (cap.) reactive power
output of actual WF active power generation). As it seen from this figure, almost all the
cases for ShortC01-LineS02, WF at Bus 3 and WF at Bus 9 need more reactive power
than those given in these code requirements. Unless these reactive power values are
increased by using more WFs or fully-convertable types (P generation of WF is 285 MW),
the voltage collapses are inevitable.
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short-term time frame decreases with a increase in the dynamic portion of the load.
As the following step, the controller parameters of the investigated reactive power
compensation devices given by literature are optimized such to obtain the smallest TVSR
values. For the optimization, an iterative, step-wise approach is introduced in this thesis.
After the assessment of the location at where the investigated reactive power devices
such as FC, SVC, STATCOM, SC, SSSC and UPFC are connected, the introduced transient
events are carried out in a sequence. Considering TVSR response values for the defined
short circuit events, it was found that STATCOM and UPFC, and to a lesser extent SVC,
outperform other studied compensation devices.
The lowest ∆u values are achieved by UPFC due to the contribution of its series part
to the active an reactive power flows along the line where it is connected in series.
Furthermore, SC results in reasonably small ∆u values in the investigated short circuit
events. Since the reactive power output of FC follows an uncontrollable manner, SSSC
has only a slight affect on voltage recovery.
For the switching event, UPFC again shows the best performance followed by both SVC
and STATCOM. SVC and STATCOM are able to bring the voltages to their initial values
while the other investigated compensators fail during the extreme event by causing
stalling of ASMs namely dynamic loads in the power system.
In this thesis, it is found that UPFC performs the best within investigated transient events
except for the extreme event. However, it is rarely implemented as a consequence from
its complexity and high cost. Thus, taking into account that SVC cannot handle with
short circuit events as well as STATCOM can, STATCOM is the best compensation option
to be selected.
As a final step in this chapter of the thesis, the impact of different rates of WPG in
sub-transmission grid on the transient response of the transmission grid is analyzed.
For this purpose, a typical PI voltage controller as well as in STATCOM is implemented
into WFs that are located on the sub-transmission side of IEEE 24 Bus RTS. The transient
simulations are carried out considering the bus voltages acquired after the implemen-
tation of PSO aiming for increasing voltage stability in the long-term time frame. No
significant impact of PSO is observed after the short circuit event in terms of enhancing
voltage stability in the short-term time frame. The calculations in this section show
that reactive power requirements that are defined for steady-state grid codes are not
enough to recover bus voltages and prevent voltage collapses.
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7. Conclusion
As discussed previously, voltage stability is the ability of a power system to maintain
acceptable voltages at all buses under both normal and abnormal conditions. The main
reason causing voltage instability is the inability of power systems to meet reactive
power demand. The voltage instability is essentially a local problem because some weak
areas become prone to voltage collapse due to the shortage of the reactive power. This
thesis analyses the impact of reactive power on the voltage stability phenomena both in
the long-term and short-term time frames.
This thesis investigates the factors contributing to voltage instability problem such as
load characteristics, integration of large-scaled wind farms, capability curves of genera-
tion units, the composition the dynamic and static loads, the characteristics of reactive
power compensation devices and controller actions. In addition to these factors the
impact of the location of reactive power compensation devices and their capacities on
voltage stability in the long-term and short-term time frames are investigated in detail.
The voltage stability approaches in the long-term time frame are based on the steady-
state power flow equations of the power systems. The system dynamics have to be
taken into consideration in order to carry out a more comprehensive voltage stability
analysis. Therefore, the results achieved from the static voltage stability form the basis
of voltage stability in the short-term time frame (transients).
The main findings of this thesis with regard to the research questions established in the
introduction are listed below:
1. What are the indicators showing the proximity of the grid to the voltage instability
in the long-term and the short-term time frames?
In this thesis, it is proven that a decrease in QM values after Q-V analysis indicates
a decrease in the long-term voltage stability. Even though the consequences
of voltage unstable grids are easily observed, it is challenging to measure the
proximity of the grid to the voltage instability in the short-term time frame. In case
of a reactive power scarcity (e.g. after a grid fault), ASMs might stall, bus voltages
might not be recovered to their initial (reference) values, some extreme voltage
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swings might occur and eventually voltage might collapse. In order to methodically
quantify system responses to transient events, a comparison metric called TVSR is
developed in this thesis. The states of the investigated grid where voltage recovery
is being handled in a better ways can be determined with this metric.
2. What is a reliable way to measure the performance of existing reactive power
compensation devices? Are there commonly used or valid parameters (metrics)
available that can be utilized for the comparison of these compensation devices?
A wide range of compensation technologies that is able to provide the required
reactive power into transmission grids is already available. However, in order to
find the most effective implementation, it is necessary to investigate, compare
and these different technologies for a voltage stable grid operation. The main
challenge regarding comparative studies that incorporate reactive power compen-
sation devices is the development and the implementation of reliable comparison
strategies.
In this thesis, the developed TVSRmetric is used as the main comparison metric
to evaluate the performance of the investigated compensation devices in terms
of recovering the voltage when the system is subjected to a fault or switching
operation. The smaller the value of TVSR, the better the performance of the
compensation device. In addition to TVSR, some auxiliary metrics are defined such
as ∆u to assess the voltage drop and t10 to see the period when voltage is within
permissible range.
3. Is it possible to improve the performance of the utilized compensation devices
and how?
The developed comparison metric of TVSR is functional in a way to give reliable
results in terms of the performance of the compensation devices in recovering the
bus voltages. Additionally, this metric can be efficiently used to develop optimiza-
tion algorithms and evaluate the existing parameters of compensator controllers.
Since the tuning of controllers is a challenge for researchers and plant operators,
a tuning method for determining the optimal parameters of controllers in reactive
power compensation devices, indicated by minimum TVSR values for transient
events, is implemented in this thesis. For this, a step-wise approach is introduced.
It is observed that with the optimized controller parameters the response of
the compensation devices in case of a fault or switching operation significantly
improves in recovering the voltage while preventing the voltage swings as much
as possible.
4. Is there any way to determine the severity of a grid disturbance such that preven-
tive actions can be taken into consideration?
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The influence of the separation of each OHL in a transmission grid is analyzed.
This analysis is important to have an overview on how the location of the grid fault
and switching-off corresponding lines to clear faults influences the voltage stability
of the grid.
The selected line contingencies in the analysis of static voltage stability is evaluated
in terms of transient voltage stability. The impact of the severity ranking of line
contingencies on voltage stability in the short-term time frame mostly overlaps
with the impact in the long-term time frame. This proves that static investigations
give an insightful overview regarding the influence of possible grid faults. This
aspect helps in defining the critical scenarios in order to assess the behavior of
a grid to various grid faults. Thus, the pre-conditions of any possible grid fault
can be evaluated for the implementation of suitable compensation device with
optimized controller parameters.
Meanwhile, the impact of loads that are composed of different STA-Load and
DYN-Load portions on voltage stability in the short-term time frame is analyzed. It
is shown that when the portion of DYN-Load increases, the capability of the grid
to recover bus voltages decreases. This can be explained by the increased reactive
power demand of dynamic loads (or ASMs) required to re-accelerate after the dis-
turbance. Beyond the scope of this thesis, the findings mentioned above identify
the interest for further discussion on load modeling in order to gain further insight
in the fault recovery capabilities of transmission systems in the short-term time
frame.
Considering the severity of OHL contingencies and the impact of load composition
in transmission grids, this thesis pre-defines several short-circuit scenarios as
possible critical transient events. An extreme transient event that includes the one
of the most severe line contingency and the load composition with the highest
rate of DYN-Load is described. In addition to these events, a switching operation
is introduced where a sudden load increase in certain buses occurs. These buses
are located closer to the compensation device in order to create the most critical
switching operation for the optimization of controller parameters.
5. How do capacity and location of the chosen reactive power compensation devices
influence the voltage stability in the long- and the short-term time frames?
The widely used approaches including P-V analysis, Q-V analysis, calculating diago-
nal elements of SVQ (v-Q sensitivity) andmodal analysis are investigated to enhance
static voltage stability in a comparative manner. It is shown that Q-V analysis and
V-Q sensitivity give similar results, modal analysis doesn’t give satisfactory results
in case J
Rd
is not diagonal, and there is neither any collapse nor "NP" observed in
case of Z-Load for P-V analysis. Considering all these facts Q-V analysis to identify
the bus lacking the most reactive power is used to locate the selected reactive
power compensation devices (critical bus).
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In case the reactive power compensation device is located at the critical bus identi-
fied by Q-V analysis, it causes an overall enhancement in voltage stability for the
whole grid in the long-term time frame, requires less reactive power capacities and
ensures lower transmission losses. These all lead a reduction of investment costs
as well as space requirements compared to the other locations on the network.
Finding the optimum reactive power capacity of the investigated compensation de-
vices is not the main scope of this thesis. Nevertheless, using the curves obtained
from Q-V analysis, the minimum and maximum reactive power capacity require-
ments are determined and evaluated when system transients are investigated.
The determined location is assessed using TVSR values of each candidate buses in
the transmission grid and it is shown that the critical bus is also an appropriate
location for dynamic calculations.
It can be seen from the acquired results that an increase in the capacity of the
compensation devices has a large influence on recovering the bus voltages after a
grid fault or a switching operation. Higher reactive power injections prevent severe
voltage drops and bus voltages recover faster. An increase in tclear on the other
hand creates an adverse effect. As long as the fault stays in the system, the voltage
will continue to drop until whole system collapses. Therefore, it is important to
clear a fault as soon as possible.
6. How does ongoing energy transition actions within GETP affect the voltage stability
phenomena in general?
The influence of large scale WFs that are located in sub-transmission grids on the
transmission grid is investigated first in terms of static voltage stability. For this
case, the assumptions of so-called GETP are taken into consideration: decom-
mission of most of the conventional power plants on the transmission side. It
is observed that independent from the rate of the WPG, the implementation of
these actions bring the whole grid closer to instability. With the implementation of
optimization algorithms, reactive power energy transfers can be reduced. For this
purpose, PSO is implemented and, in the end, a remarkable enhancement in static
voltage stability is observed. When the grid is forced to minimum reactive power
exchange, both transmission and sub-transmission grids use their own reactive
power reserves to tackle their own voltage instability problems in long-term time
frame.
Finally, the impact of different rates of WPG in sub-transmission grids on the
transient response of the transmission grid is analyzed. The transient simulations
are carried out considering the bus voltages acquired after the implementation of
PSO that is implemented for the voltage stability phenomena in the long-term time
frame. No great impact on the voltages obtained with PSO is observed after a short
circuit event in terms of enhancing voltage stability in the short-term time frame.
This result shows that the actions taken to decrease reactive power transports
between transmission and sub-transmission grid is mostly related to reactive
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power planning in the long-term time frame. The investigation of voltage stability
in the short-term time frame mainly includes locally taken actions. However, the
calculations in this part show that reactive power requirements that are defined
for steady-state grid codes are not enough to recover bus voltages and prevent
voltage collapses in case of a disturbance.
7. Can the wide range of available compensation technologies be effectively em-
ployed to ensure the voltage stability in general?
The impact of the selected compensation devices including FC, SVC, SC, STATCOM
and UPFC on the enhancement of voltage stability is firstly investigated in the
static regime. With the inclusion of the analyzed reactive power compensation
devices, voltage stability in long-term time frame is improved compared to the
base case. STATCOM and SC become superior in increasing the voltage stability
compared to the other investigated technologies.
For the defined transient events, excluding the extreme case, all investigated reac-
tive power compensation devices are able to recover the bus voltages. However, it
is important to compare these devices in more detail: It is found that STATCOM
and UPFC, and to a lesser extent SVC, outperform other studied compensation
devices. The least ∆u values are achieved by UPFC due to the contribution of
its series part to the active and reactive power flows along the line where it is
connected in series. Although SC results in reasonably small ∆u values in the
investigated short circuit events, it is not as efficient in recovering the voltages and
preventing voltage swings.
SC provides most of the reactive power at the moment of a disturbance. SC
goes into sub-transient and transient modes during and after a fault resulting in
reduced machine reactance. This situation leads to a large injection of reactive
power. Just after a fault, SC leaves the transient phase and reactive power output is
subjected to the slower field control. Therefore, the reaction time of SC is relatively
slow. Furthermore, compared to UPFC, STATCOM and SVC, the operation cost of
SC is high.
UPFC is found to be a very versatile device capable to handle all but the most
extreme event. However, it is rarely implemented as a consequence from its
complexity and high cost.
SSSC has a slight affect on voltage recovery. The main purpose of SSSC is to
provide the required amount of real and reactive power flows along lines rather
than to recover bus voltages. This sort of compensator is suitable to be used only
for very long OHLs (e.g. Canada).
FC is not counted as a flexible compensator. FC causes higher voltage drops and
voltage overshoots. The reason for this is found in the reactive power output of FC
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to be proportional to U
2
of the bus where it is connected. FC doesn’t have any volt-
age control scheme as well as the other investigated reactive power compensation
devices. Nevertheless, it provides the cheapest investment and operating costs.
For the switching event, UPFC again shows the best performance followed by
both SVC and STATCOM. SVC and STATCOM are both able to bring the voltages to
their initial values while the the other investigated compensation technologies fail
during the extreme event. The extreme event results in some ASMs not to recover
to their initial speed and therefore stall. Stalling is connected to the consumption
of high amounts of reactive power and voltage collapses.
Taking into account that SVC cannot handle with short circuit events as well as
STATCOM can, STATCOM is the preferred compensation device to enhance voltage
stability in the short-term time frame . Even though its investment costs is relatively
expensive (50-100 $ per kvar), its operating cost is moderate. It can handle with
even very severe grid disturbances.
Future Work
The major differences and similarities of the reactive power compensation devices are
clearly presented in this thesis. The results of this thesis can be used as a technical
guidance to choose the appropriate compensation technology especially for transmis-
sion grids. However, only technical evaluation of the compensation technology is not
sufficient for decision-making and a comprehensive cost analysis including maintenance
and operation costs should also be taken into account.
The results of this thesis are based on simulations. Future research on compensators in
larger, more versatile systems will reveal new aspects or major drawbacks of considered
technologies. Thus, it is important to evaluate the performance of different compensa-
tion devices on real power grids and implement real-life findings in future simulations.
The measurements taken from real power grids in case of faults can provide valuable
data regarding reaction time of reactive power compensation devices in addition to
a grasp of their interaction with the system. Such measurements are also important
for a more realistic and detailed load modelling. Only then very important insights of
planning and operation, which cannot be completely revealed by simulations alone,
can be fully comprehended. With the installation of continuous monitoring systems,
the reaction of compensation devices can be automatically evaluated. In this way, the
observations for the further development of these devices can be realized.
To determine optimal size and location of the investigated compensation devices is not
the main scope of this thesis. Even though there is a well-documented literature tackling
this problem especially to enhance voltage stability in the long-term time frame, the
literature lacks the analyses in the direction of voltage stability in the short-term time
frame. In this thesis, it was found that voltage instability in the short-term time frame
is local by its nature. Thus, a selected location of the compensation devices based on
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static calculations might not be valid when a severe grid fault occurs at any location of
the grid. The selected location should be valid even in the event of major changes in the
network or load behavior. Therefore, new approaches might be necessary especially
when system dynamics are taken into consideration
The reactive power control issues are taken into consideration for the voltage regulation
in this thesis. The combined impact of active and reactive power control on voltage
stability both in long- and short-term time frames can provide better understanding of
voltage instability phenomena especially in the grids having high amounts of distributed
generation. It can be of interest to expand the research to other stability assessments
such as frequency stability. Especially, a detailed study that includes a harmonic analysis
should be investigated.
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Appendix A.
Surge Impedance Loading of aTransmission Line
If it is assumed that a high voltage transmission line is practically lossless, the elements
R and G become "0". The simplified equivalent circuit in Fig. A.1 indicates that a trans-
mission line behaves like an inductance and capacitance at the same time. Hence,
it can generate or absorb reactive power depending on the line current I. When the
inductive behavior (absorbing QL) and capacitive behavior (generating QC) are equal, the
transmission line carries the natural current (Inat). Surge impedance loading (SIL) is the
loading of the transmission line when natural balance of reactive power occurs referring
to natural power of the transmission line (Pnat) [49].
QC = −ωCU2N (A.1)
where UN is the nominal voltage and C is the capacitance of the transmission line.
QL = 3I
2
nat
XL (A.2)
where I is the current through the transmission line and XL is the line inductance. In
order to achieve the natural conditions:
|QL| = |QC|
3I
2
nat
XL = ωCU
2
N
(A.3)
Natural current through the transmission line Inat is calculated using the equation below:
Inat =
√
ωCU2
N
3ωXL
=
UN√
3
1√
L
C
(A.4)
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Figure A.1.: π Equivalent Circuit of a Lossless Transmission Line [41].
Natural conditions are achieved, when the line is feeding an impedance equal to the
surge impedance of the line ZW.
ZW =
√
L
C
(A.5)
It can be observed from Fig. A.2 that the magnitude of the receiving end voltage UR
is equal to the voltage at the sending terminal US in case of natural power of the
transmission line. The same is applied for the currents IS = IR [41].
Re
Im
𝑈 S  
𝐼 𝐶S  
𝐼 
𝐼 𝐶R  𝐼 R  
j𝐼
𝑋𝐿
2
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𝑋𝐿
2
 
𝐼 S  
Figure A.2.: Phasor Diagram for π Equivalent Circuit of a Transmission Line under Natural Operation [41].
The surge impedance of loading, in other words, natural power calculated as in Eq. A.6.
The system operators try to operate the transmission lines under natural condition due
to no voltage difference between the sending and receiving terminals of the transmission
line. The transferred power in this case is active power which leads to minimal losses.
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The natural operating point depends on L and C. The line should be operated at Pnat
as in Eq. A.6 to achieve desired optimum. Due to the daily and seasonal fluctuations in
energy demand, it is not always possible to operate a line with natural power [41].
Pnat =
√
3InatUN =
U
2
N
ZW
(A.6)
If the transmitted power is smaller than the Pnat, a voltage increase occurs. This is called
an underexcited natural operation. If the transmitted power is greater than the Pnat,
a voltage drop occurs on the line. Then the operation is called overexcited natural
operation. However, in order to be able to talk about the natural operation, ZW must be
calculated according to Eq. A.6 [41].
If P < Pnat, ZW should be higher. This can be achieved by artificially increasing the
inductance of the line or reducing the capacitance in Eq. A.5. The inductance could be
increased by additional series inductors Ls and the capacitance could be decreased by
parallel inductors Lp [41].
In practice, however, only the usage of Lp is considered, which is connected to the
tertiary windings of the power transformers or directly to the conductors. The usage
of Ls is completely uneconomical, since it is constantly traversed by the full operating
current and should also be designed for the short-circuit currents. Furthermore, it
deteriorates the stability [41].
If P > Pnat, ZW should be smaller. This can be achieved by reducing the inductance or
increasing the capacitance by means of capacitors. The summary of different operations
is as below [41]:
Overexcited natural operation P > Pnat
Natural operation operation P = Pnat
Underexcited natural operation P < Pnat
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Appendix B.
Analysis of Static Var CompensatorModel in DIgSILENT PowerFactory
The basics and control scheme of SVC are already given in chapter 3. Some problems
occured during the transient events. These problems occured because of the flaws in
DIgSILENT PowerFactory as described in the following.
There are two available SVC implementations that represent TCR based on either a
variable inductivity or an inductivity behind a controlled switch (see Fig. B.1).
Figure B.1.: Current and Control Signal of TCR during the Transient Event for Different Modelling Ap-
proaches of TCR [49].
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Figure B.2.: Current and Control Signal of TCR when the Circuit Breakers are Opened during A Disturbance
[49].
TCR should not conduct any current when the control signal uSVC is zero when the
equations for variable inductivity model below are considered:
u = L
di
dt
(B.1)
di
dt
=
u
L
(B.2)
The voltage drops and the system requires reactive power. SVC controller dictates the
TCR not to absorb any reactive power when uSVC = 0. That leads L → ∞ and
di
dt
→ 0
keeping the current constant. Unfortunately, the TCR models in PowerFactory don’t
project such a behaviour and conduction remains.
As it is explained in chapter 3, switching signals of TCR are scheduled according to "0"
crossing of the voltage. When a severe disturbance occurs, the voltage can have several
zero crossings. The firing angle of 180° is provided to the SVC block, Fig. B.1 shows that
the thyristor switches are still partially conducting. In DIgSILENT PowerFactory, PLL is
integrated into SVC block. From the simulations, it can be seen that PLL implementation
causes the faults by not working properly especially for "0" crossings.
These problems were reported to the support of PowerFactory within the writing pro-
cess of the [49]. The support staff also agreed on the specified problems and suggested
some solution approaches. A fluctuating or rapidly changing control signal can cause
such problems. Their suggestion included to filter, delay or limit the signal. However,
the expected success couldn’t be achieved.
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As a remedial solution, TCR is switched off during the disturbance by opening the circuit
breakers. This approach is resanoable since TCR doesn’t withdraw any reactive power
in case of severe voltage drops. The circuit breakers are closed and firing angles are
synchronized to the post-disturbance voltage. Therefore, the variable inductivity model
in EMT simulations can be used for many transient events (see Fig. B.2). The thyristor
model cannot function as well as variable inductivity model. The reason couldn’t be
identified because of the limited technical documentation and the non-transparent
model implementations that don’t allow further investigations.
The proposed solution only works for the scenarios that results in high voltage drops
where TCR blocks the current and doesn’t absorb any reactive power. The sudden load
changes after switching operations might lead marginal changes in the control signals
and distortion of the TCR current as in Fig. B.3.
I
Figure B.3.: TCR Current and Control Signal During a Switch Event (Load Increase) [49].
Figure B.4.: Reactive Power Fluctuation after A Load Increase [49].
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From Fig. B.3, it can be seen that the control signal of uSVC is changing after a switching
operation (load increase) that occurs at 0.1 s. After this transient event, the resulting
three phase currents should be symmetrical and their magnitude should be same.
However, the magnitudes are marginally different for the three phase currents after 0.1
s.
The total absorbed reactive power of the TCR is calculated by summing up the reactive
power of each phase. The reactive power fluctuates as in Fig. B.4, since the phase
currents after the simulations are not symmetrical.
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Appendix C.
Comparison of Detailed and SimplifiedSTATCOMModels
The STATCOM in Power Factory is represented by the PWM Converter ElmVsc as men-
tioned earlier. For EMT simulations, a simple and a detailed model are available. In the
simple model, the STATCOM is represented as a DC controllable AC voltage source. For
the detailed model, the actual semiconductor valves and the switching operations are
explicitly simulated. The model is suitable to reproduce the effects of VSC switching
when a switching frequency, snubber circuit parameters and leakage resistances are
defined. The following test scenario shows that in practice the difference of both models
is marginal. Fig. C.1 shows the bus voltage and the STATCOM current in case of a load at
0.1 s. The detailed VSC STATCOM has a switching frequency of 2000 Hz which is visible
in the current. The voltage response after the small disturbance is equal in the first
moment. During the second swing, minor differences are visible. In general, it can be
deduced that for transient and voltage stability simulations, the representation of the
converter by a controlled voltage source is sufficient. When investigating harmonics and
resonance phenomena, the use of the detailed model is necessary [49].
u
 i
n
 p
.u
.
I
 i
n
 k
A
Figure C.1.: Comparison of Detailed and Simplified STATCOM Models for a Test Scenario [49].
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Appendix D.
IEEE 24 Bus Reliability Test System:Grid Data
Table D.1.: IEEE 24 RTS Bus Data.
Bus Bus Pload Qload UN umax umin
No Type MW Mvar kV p.u. p.u.
1 PV 108 22 138 0.95 1.05
2 PV 97 20 138 0.95 1.05
3 PQ 180 37 138 0.95 1.05
4 PQ 74 15 138 0.95 1.05
5 PQ 71 14 138 0.95 1.05
6 PQ 136 28 138 0.95 1.05
7 PV 125 25 138 0.95 1.05
8 PQ 171 35 138 0.95 1.05
9 PQ 175 36 138 0.95 1.05
10 PQ 195 40 138 0.95 1.05
11 PQ 0 0 230 0.95 1.05
12 PQ 0 0 230 0.95 1.05
13 SL 265 54 230 0.95 1.05
14 PV 194 39 230 0.95 1.05
15 PV 317 64 230 0.95 1.05
16 PV 100 20 230 0.95 1.05
17 PQ 0 0 230 0.95 1.05
18 PV 333 68 230 0.95 1.05
19 PQ 181 37 230 0.95 1.05
20 PQ 128 26 230 0.95 1.05
21 PV 0 0 230 0.95 1.05
22 PV 0 0 230 0.95 1.05
23 PV 0 0 230 0.95 1.05
24 PQ 0 0 230 0.95 1.05
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Table D.2.: IEEE 24 RTS Generator Data.
Bus Pgen Qgen ugen Qmin Qmax Pmax Pmin
No MW Mvar p.u. Mvar Mvar MW MW
1 10 0 1.035 0 10 20 16
1 10 0 1.035 0 10 20 16
1 76 0 1.035 -25 30 76 15.2
1 76 0 1.035 -25 30 76 15.2
2 10 0 1.035 0 10 20 16
2 10 0 1.035 0 10 20 16
2 76 0 1.035 -25 30 76 15.2
2 76 0 1.035 -25 30 76 15.2
7 80 0 1.025 0 60 100 25
7 80 0 1.025 0 60 100 25
7 80 0 1.025 0 60 100 25
13 95.1 0 1.02 0 80 197 69
13 95.1 0 1.02 0 80 197 69
13 95.1 0 1.02 0 80 197 69
14 0 35.3 0.98 -50 200 0 0
15 12 0 1.014 0 6 12 2.4
15 12 0 1.014 0 6 12 2.4
15 12 0 1.014 0 6 12 2.4
15 12 0 1.014 0 6 12 2.4
15 12 0 1.014 0 6 12 2.4
15 155 0 1.014 -50 80 155 54.3
16 155 0 1.017 -50 80 155 54.3
18 400 0 1.05 -50 200 400 100
21 400 0 1.05 -50 200 400 100
22 50 0 1.05 -10 16 50 10
22 50 0 1.05 -10 16 50 10
22 50 0 1.05 -10 16 50 10
22 50 0 1.05 -10 16 50 10
22 50 0 1.05 -10 16 50 10
22 50 0 1.05 -10 16 50 10
23 155 0 1.05 -50 80 155 54.3
23 155 0 1.05 -50 80 155 54.3
23 350 0 1.05 -25 150 350 140
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Table D.3.: IEEE 24 RTS Line Data.
from to r x b ratio
bus bus p.u. p.u. p.u. p.u.
1 2 0.0026 0.0139 0.4611 0
1 3 0.0546 0.2112 0.0572 0
1 5 0.0218 0.0845 0.0229 0
2 4 0.0328 0.1267 0.0343 0
2 6 0.0497 0.192 0.052 0
3 9 0.0308 0.119 0.0322 0
3 24 0.0023 0.0839 0 1.03
4 9 0.0268 0.1037 0.0281 0
5 10 0.0228 0.0883 0.0239 0
6 10 0.0139 0.0605 2.459 0
7 8 0.0159 0.0614 0.0166 0
8 9 0.0427 0.1651 0.0447 0
8 10 0.0427 0.1651 0.0447 0
9 11 0.0023 0.0839 0 1.03
9 12 0.0023 0.0839 0 1.03
10 11 0.0023 0.0839 0 1.02
10 12 0.0023 0.0839 0 1.02
11 13 0.0061 0.0476 0.0999 0
11 14 0.0054 0.0418 0.0879 0
12 13 0.0061 0.0476 0.0999 0
12 23 0.0124 0.0966 0.203 0
13 23 0.0111 0.0865 0.1818 0
14 16 0.005 0.0389 0.0818 0
15 16 0.0022 0.0173 0.0364 0
15 21 0.0063 0.049 0.103 0
15 21 0.0063 0.049 0.103 0
15 24 0.0067 0.0519 0.1091 0
16 17 0.0033 0.0259 0.0545 0
16 19 0.003 0.0231 0.0485 0
17 18 0.0018 0.0144 0.0303 0
17 22 0.0135 0.1053 0.2212 0
18 21 0.0033 0.0259 0.0545 0
18 21 0.0033 0.0259 0.0545 0
19 20 0.0051 0.0396 0.0833 0
19 20 0.0051 0.0396 0.0833 0
20 23 0.0028 0.0216 0.0455 0
20 23 0.0028 0.0216 0.0455 0
21 22 0.0087 0.0678 0.1424 0
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Table D.4.: IEEE 24 RTS Synchronous Generator Parameters.
Apparent Power T
′
d
T
′
q T
′′
d
T
′′
q x
′
d
x
′
q x
′′
d
x
′′
q xd xq
(Sgen) in MVA s s s s p.u. p.u. p.u. p.u. p.u. p.u.
12, 15, 20 0.822 - 0.03 0.013 0.173 - 0.159 0.159 2.33 2.1
50 0.64 0.64 0.022 0.022 0.237 0.392 0.183 0.191 2.54 2.31
100, 155 0.806 0.12 0.05 0.05 0.23 0.32 0.2 0.2 1.68 1.61
197, 250 0.8 0.12 0.05 0.05 0.23 0.378 0.2 0.2 1.72 1.66
350, 400 1.08 0.18 0.018 0.018 0.21 0.34 0.16 0.17 2.01 1.89
Table D.5.: IEEE 24 RTS Transformer (TR) Data.
TR Name Rated Power UHV ULV uk x1 r1
MVA kV kV % p.u. p.u.
TRGrid 255 230 138 16 0.19297 0.00529
TRCoup. 200 380 18 10 0 0
TRBoos. 200 18 18 10 0 0
Table D.6.: IEEE 24 RTS Synchronous Generator Exciter Parameters.
Definition Symbol Unit AVR
Type - - IEEET1
Measurement Delay Tr s 0.02
Controller Gain KA p.u. 200
Controller Time Constant TA s 0.03
Exciter Gain KE p.u. 1
Exciter Time Constant TE s 0.2
Stabilization Path Gain KF p.u. 0.05
Stabilization Path Time Constant TF s 1.5
Saturation Factor 1 E1 p.u. 3.9
Saturation Factor 2 SE1 p.u. 0.1
Saturation Factor 3 E2 p.u. 5.2
Saturation Factor 4 SE2 p.u. 0.5
Minimum Controller Output uRmin p.u. -10
Maximum Controller Output uRmax p.u. 10
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Table D.7.: IEEE 24 RTS Synchronous Generator Governor Parameters.
Definition Symbol Unit GOV
Type - - govGAST
Speed Droop R p.u. 0.047
Controller Time Constant T1 s 0.4
Actuator Time Constant T2 s 0.1
Compressor Time Constant T3 s 3
Ambient Temperature Load Limit AT p.u. 1
Turbine Factor Kt p.u. 2
Frictional Loss Factor Dturb p.u. 0
Turbine Rated Power Prated MW 0
Minimum Controller Output uRmin p.u. 0
Maximum Controller Output uRmax p.u. 1
Table D.8.: IEEE 24 RTS Synchronous Generator PSS Parameters.
Definition Symbol Unit PSS
Type - - pssCONV
Stabilizer Gain KPSS p.u. 8
Washout Integrate Time Constant TW s 10
First Lead/Lag Derivative Time Constant T1 s 0.05
First Lead/Lag Integral Time Constant T2 s 0.05
Second Lead/Lag Derivative Time Constant T3 s 0.1
Second Lead/Lag Integral Time Constant T4 s 0.05
Minimum PSS Signal uRmin p.u. -0.1
Maximum PSS Signal uRmax p.u. 0.1
𝜔mech  s𝑇W
s𝑇W + 1
 𝐾PSS  
𝑢Rmax  
𝑢Rmin  
s𝑇1 + 1
s𝑇2 + 1
 
s𝑇1 + 1
s𝑇2 + 1
 
𝑢PSS  
Figure D.1.: pssCONV Block Diagram.
153

Appendix E.
Filtering the Signals
The acquired signals out of transient calculations are filtered in order to achieve a better
clarity due to comparison purposes. As it is mentioned before, dynamic simulations are
executed as electromacnetic transients (EMT) in DIgSILENT PowerFactory with a time
step of 0.0001s.
The signals are filtered by moving the average over 100 points. As it is depicted from
Fig. E.1, PowerFactory computes the voltage magnitude by projecting the sinusodial
voltage value to the voltage magnitude. This fact can be seen more clearly in Fig. E.2. If
the filtering process is not considered, the simulations having short time steps create
unrealistic results that might confuse the reader [49].
Figure E.1.: Effect of Filtering the Voltage Signal [49].
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Figure E.2.: Voltage Magnitude and Instantaneous Voltage [49].
Figure E.3.: Current Magnitude and Instantaneous Current of the SC [49].
Figure E.4.: Effect of Filter on Reactive Power Signal [49].
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The reactive power output of the compensators is filtered twice. Firstly, the filter of
moving the average over 100 points is implemented to remove the noise. Powerfactory
calculates the reactive power by multiplying the instantaneous values of current and
voltage magnitude. Considering this explanation, the process of computing the magni-
tude shortly after a fault with presence of SC doesn’t work properly as in Fig. E.3.
The instantaneous current is reasonable as it resembles the typical sub-transient current
of a synchronous machine. The current magnitude on the contrary is fluctuating with
the system frequency, 50 Hz. Since Q is calculated using I, the fluctuation remains.
The acquired signal becomes appropriate after filtering it moving the average by 50Hz·0.0001 s.
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